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INTRODUCTION 


# 

BACKGROUND 

In  the  rational  design  of  flexible  pavements,  consideration  of 
permanent  deformation  (or  distortion)  constitutes  an  important  factor  in 
the  overall  design  system.  Excessive  amounts  of  pavement  rutting  ad- 
versely affect  riding  quality,  and  rutting  can  also  cause  the  pavement 
to  crack  and  thus  result  in  the  loss  of  pavement  sein/’iceability. 

Permanent  deformation  in  a pavement  is  a manifestation  of  two 
different  mechanisms:  densification  (volume  decrease)  and  shear  deforma- 

tion (plastic  flow  with  no  volume  change).  Monismith^  has  summarized 
the  various  forms  of  permanent  deformation  resulting  from  both  traffic- 
and  nontraffic-associated  causes,  and  these  are  listed  in  Table  1. 

Excessive  deformation  resulting  from  densification  can  be  mini- 
mized by  proper  compaction  requirements.  Control  of  plastic  flow  is 
actually  one  of  the  basic  distress  modes  upon  which  all  pavement  struc- 
tural designs  are  based.  In  designs  of  pavement  systems  to  minimize 
permanent  deformation,  it  is  general  practice  to  place  a sufficient 
thickness  with  adequate  strength  of  each  component  layer  to  keep  the 
stresses  in  the  subgrade  -to  a low  level  relative  to  the  strength  of  the 
soil  (as  in  the  CBR  design  procedure). 

Since  the  advent  of  high-speed  computers , two  approaches  have 

been  advocated  using  the  layered  elastic  method  or  others  to  solve  the 

problems  of  design  to  minimize  permanent  deformation.  One  of  the 

approaches  involves  limiting  the  vertical  compressive  strain  at  the 

subgrade  surface  to  some  tolerable  amount  associated  with  a specific 

2 

number  of  load  repetitions  (as  in  the  Shell  procedure  ).  By  controlling 
the  characteristics  of  the  material  in  the  pavement  section  through 
’materials  design  and  proper  construction  procedures  (unit  weight  or 
relative  compaction  requirements)  and  by  ensuring  that  materials  of 
adequate  stiffness  and  sufficient  thickness  are  used  so  that  the  strain 
level  is  not  exceeded,  permanent  deformation  can  be  limited  to  a value 
equal  to  or  less  than  the  prescribed  amount.  The  major  advantage  of  the 
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Table  1 

Examples  of  the  Permanent  Deforniation  Mode  of 
Distress  for  Asphalt  Pavements  (after  Monlsmith^) 


General  Cause 

Specific  Causative  Factor 

Example  of  Distress 

Traffic-associated 

Single  or  comparatively 
few  excessive  loads 

Plastic  flow  (shear 
deformation) 

Long-term  (or  static) 
load 

Creep  (time- 
dependent  ) 
deformation 

Repetitive  traffic  load- 
ing (generally,  large 
numbers  of  repetitions) 

Rutting  (resulting 
from  acc\amulation 
of  small  permanent 
deformations  asso- 
ciated with  passage 
of  wheel  loads) 

Nontraffic- 

associated 

Expansive  subgrade  soil* 

Compressible  material 
underlying  pavement 
structure 

Swell  or  shrinkage 

Consolidation 

settlement 

Frost-susceptible  material 

Heave  (particularly 
differential 
amount  s ) 

* Soils  in  this  category  exhibit  high  shrinkage  as  well  as  swell  \ 

characteristics.  ! 


niLSS* 


approach  is  the  fact  that  it  is  currently  a workable  tool  for  the  pave- 
ment design,  and  several  agencies  have  introduced  procedures  based  upon 
it.  A summary  of  existing  criteria  taken  from  Reference  3 is  shown  in 
Table  2.  It  should  be  pointed  out  that  pavements  designed  based  on  this 
procedure  will  have  sufficient  thickness  to  protect  the  subgrade  soil 
from  shear  failure  but  not  to  insure  that  permanent  deformation  in  the 
upper  pavement  layers  will  not  occur. 

The  other  approach  involves  prediction  of  the  actual  amount  of 
deformation  which  might  occur  in  the  pavement  system  using  material 
characterization  data  developed  from  laboratory  tests.  In  the  new, 
improved  pavement  design  procedure  prepared  for  the  Office,  Chief  of 
Engineers,  U.  S.  Army,  and  the  Federal  Aviation  Administration  (FAA) , 
two  primary  distress  modes,  fracture  and  distortion,  are  considered. 

The  consideration  of  fatigue  cracking  did  not  fall  within  the  purview 
of  this  study.  Rather,  the  prediction  of  accumulated  permanent  deforma- 
tions in  pavement  systems  under  aircraft  loadings  was  studied  and  the 
results  presented. 

PURPOSE  AND  SCOPE 

The  purpose  of  this  study  was  to  examine  the  rutting  characteris- 
tics of  pavement  component  materials  and  to  develop  a prediction  model  to 
accurately  estimate  the  amount  of  rutting  occurring  in  each  component 
layer  of  a pavement  system  under  traffic  loadings. 

A literature  survey  was  first  conducted  on  the  rutting  charac- 
teristics of  pavement  component  materials  and  the  computational  tech- 
niques used  to  predict  the  amount  of  rutting.  A series  of  laboratory 
repeated  load  tests  measuring  permanent  strains  was  performed  on  subgrade 
soil  and  untreated  granular  materials.  The  results  were  used  in  con- 
junction with  a layered  elastic  computer  program  to  determine  the  accumu- 
lated pei’manent  deformation  occurring  in  each  layer  of  the  pavement 
induced  by  aircraft  loadings.  Pavements  analyzed  were  full-scale, 
multiple-wheel  heavy  gear  load  test  sections  constructed  and  tested  at 
the  U.  S.  krmy  Engineer  Waterways  Experiment  Station  (WES)  and  typical 
pavements  as  designed  using  the  Corps  of  Engineers  CBR  equation. 


9 


Limiting  Subgrade  Strain  Criteria  (After  Yoder  and  Witczak 


Design  implications  based  on  the  results  of  computations  were  analyzed, 
and  recommendations  for  the  design  of  flexible  pavements  to  minimize 
permanent  deformations  were  detfci mined. 
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LITERATURE  REVIEW 


In  recent  years,  much  research  effort  has  been  devoted  to  the 
study  of  permanent  deformation  in  flexible  pavements.  Experience  indi- 
cates that  under  normal  pavement  conditions  deformation  within  asphaltic 
materials  occurs  only  during  warm  weather.  Under  cold  weather  conditions  , 
little  deformation  occurs  in  either  the  asphalt  material  or  the  subgrade, 
due  mainly  to  the  very  stiff  condition  of  the  former.  In  some  cases,  the 
subgrade  soil  may  be  frozen  in  the  winter  and  provide  firm  support  for 
the  overlying  asphaltic  concrete  (AC)  layer  and  thus  reduce  pavement 
deformation.  While  rutting  and  fatigue  are  two  separate  modes  of 
distress,  rutting  can  contribute  to  fatigue  failure  of  a pavement  due 
to  tensile  strains  in  the  surfacing  which  result  from  tending  caused  by 
rutting  in  the  base  and  subgrade. 

In  this  chapter,  reviews  are  presented  for  AC,  untreated  granular 
materials,  and  fine-grained  soils.  A literature  review  was  not  conducted 
on  stabilized  soils  because  it  is  the  generaJ-  consensus  that  stabilized 
soils  with  sufficient  amounts  of  agent  experience  insignificant  amounts 
of  permanent  deformation  under  traffic  loadings. 

ASPHALTIC  CONCRETE  (AC) 

INTRODUCTION 

Hofstra  and  Klomp^  investigated  permanent  deformation  of  AC  using 
a laboratory  test  track.  The  pavement  structure  was  simplified  by 
utilizing  full-depth  AC  construction  with  2.0-in.,*  3.9-in.,  5.6-in., 
and  7.9-in,  layers  of  various  asphalt  mixes  laid  directly  on  subgrade 
with  a CBR  of  l6.  The  mixes  had  high  asphalt  contents  to  induce  greater 
rutting  than  would  normally  nccur  in  practice,  and  a strong  subgrade 
was  used  to  minimize  deformation  in  that  material. 

Experiments  to  investigate  the  effect  of  temperature  indicated 
that  for  a 2-ln.  layer  of  AC,  rutting  was  partly  due  to  deformation  of 
the  subgrade  but  for  the  3.9-  and  5.6-in.  layers  rutting  was  due  entirely 

• A table  of  factors  for  converting  units  of  measurement  is  presented 
on  page  3. 
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to  deforniation  in  the  AC.  It  was  found  that  deformation  was  due  to 
plastic  flow  of  the  material  and  not  to  densif ication . A range  of  tem- 
peratures from  20  to  60°  C was  investigated,  during  which  the  AC  modulus 
decreased  hy  a factor  of  approximately  60  but  the  permanent  deformation 
increased  by  a factor  of  250  to  350. 

A series  of  tests  was  carried  out  to  investigate  the  mix  variables 
of  asphalt  type,  asphalt  content,  and  aggregate  type.  It  was  found  that 
stiffen  asphalts  produced  mixes  less  susceptible  to  permanent  deforma- 
tion, and  the  same  effect  was  noted  for  mixes  with  low  asphalt  contents 
or  higher  percentage  of  coarse  aggregates.  It  was  also  found  that  rut 
depth  per  wheel  pass  decreased  with  an  increasing  number  of  wheel  passes. 
It  appeared  that  the  mix  built  up  a resistance  to  flow  during  the  process 
of  deforming  under  repeated  loading.  This  was  probably  due  to  the  asphal 
being  expelled  from  between  aggregate  particles  producing  greater  inter- 
locking, which  would  explain  why  angular  aggregate  produces  better 
performing  mixes  than  rounded  aggregates. 

Studies  of  the  distribution  of  permanent  deformation  with  depth 
in  the  AC  layers  showed  that  deformation  wf.s  almost  uniformly  distributed 
through  ^'he  entire  depth.  Calculations  of  vertical  strain  distribution 
with  depth  using  the  computer  program,  BISTRO,  and  assuming  a constant 
asphalt  stiffness  modulus  showed  a reasonably  uniform  strain  distribu- 
tion. However,  in  a 7.9-in.  layer,  the  calciilated  strain  was  much  higher 
at  the  top  of  the  layer  than  at  the  bottom,  whereas  measured  permanent 
deformation  was  only  slightly  higher.  The  strains  and  deformations  were 

g 

not  in  agreement  with  observations  of  He\ikelom  and  Klomp.  This  could 
be  partly  explained  by  the  fact  that  vertical  strains  measured  near  the 
bottom  of  the  layer  were  much  larger  than  the  values  calculated  at  that 
position,  possibly  due  to  the  constant  modulus  assumed  for  the  whole 
layer . 

7 

McLean  describes  a methodology  to  permit  estimation  of  permanent 
deformation  in  pavement  structures  from  laboratory  triaxial  repeated 
load  and  creep  tests.  His  analysis  concentrated  primarily  on  techniques 
to  estimate  the  distortion  characteristics  of  AC  and  the  use  of  these 
data  together  with  both  linear  elastic  and  linear  viscoelastic  theory 
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to  predict  rutting  in  asphalt-bound  layers  of  pavement  structures.  This 
approach  when  used  to  study  the  influence  of  a number  of  parameters  on 
pavement  response  resulted  in  the  following  observations: 

a.  Subgrade  stiffness  appeared  to  have  little  influence  on  the 

accumulation  of  permanent  deformation  in  the  asphalt-bound  i 

layer — at  least  for  the  range  in  stiffnesses  examined. 

I 

b.  AC  stiffness  exerted  a significant  influence  on  rutting  in  i 

the  asphalt-bound  layer. 

c_.  Like  the  measiarements  of  Hofstra  and  Klomp,^  the  calculation 
procedure  indicated  that  rut  depth  in  the  asphalt  layer  was 
independent  of  layer  thickness  for  the  range  examined. 

8 

Morris  developed  a mathematical  model  from  the  laboratory  experi- 
mental results  to  predict  the  rut  depth  of  the  full-depth  sections  at 
the  Brampton  Test  Road  in  Canada.  The  computed  results  match  very  well 
with  the  measurements.  However,  Morris  found  that  the  majority  of  the 
deformations  occurred  in  the  lower  portion  of  asphalt  layer  where  tensile 

stresses  exist.  The  conclusions  of  Morris's  study  were  different  from 

5 T 

those  of  Hofstra  and  Klomp  and  McLean.  The  details  of  these  works 
will  be  explained  in  the  later  sections. 

METHODS  TO  PREVENT  PERMANENT 

DEFORMATION  OF  AC 

9 

The  following  discussion  is  taken  from  Monismith's  study  of 
available  methods  to  prevent  excessive  deformation  in  the  AC  layers  of 
a pavement . 

Standing  and  Uniformly  Moving  Traffic.  Two  of  the  methods  in 
widespread  use  (presented  in  Corps  of  Engineers  Technical  Manual 
TM  5-82U-2  and  California  Division  of  Highways  Materials  Manual, 

Test  Method  30U^^)  have  the  capability  to  produce  reasonably  performing 
mixtiores  so  long  as  the  actual  service  conditions  correspond  to  those 
for  which  the  basic  criteria  were  developed.  For  conditions  beyond  the 
realm  of  current  procedures,  the  triaxial  compression  test  has  the  poten- 
tial to  provide  parameters  which,  when  used  with  analyses  of  systems 
representative  of  pavement  structures,  can  provide  useful  design  guides. 

A number  of  investigators,  as  will  be  seen  subsequently,  make  use  of 
bearing  capacity  relationships  for  materials  whose  strength  characteris- 
tics can  be  represented  by  an  equation  of  the  form 
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T = c + o tan  (() 


where 


T = shear  strength 

c = cohesion 

a = normal  stress 

4i  = angle  of  internal  friction 

By  performing  triaxial  compression  tests  at  temperatures  and  rates  of 

loading  associated  with  specific  field  conditions,  the  parameters  c and 

12 

If  can  be  ascertained  for  design  estimates.  The  analysis  of  Nijboer 
can  be  helpful  to  properly  define  the  parameters  c and  f for  design 


purposes 


mas  s dt 


2 cos  (j 
3 - sin 


■^1  - ^3 
2 cos  f 


Oi  03 


where 


n = viscosity  of  mass 
mass 


= rate  of  application  of  axial  strain 
0^,  03  = major  and  minor  principal  stresses,  respectively 

dsi 

T = initial  cohesion  when  t;: — = 0 
e dt 


c = T + n — 
e mass  dt 


For  standing  loads,  the  value  of  c corresponds  to  t 

e 

Equations  2 and  3 are  used  to  solve  for  4>  and  c , respectively. 
Data  indicate  that  f is  relatively  unaffected  by  rate  of  loading,  and 

12  13 

both  Nijboer  and  Smith  have  recommended  a minimum  desirable  value 
of  25  deg.  To  develop  f values  equal  to  or  greater  than  this,  the 
aggregate  sho\ild  be  rough -text iu"ed,  angular,  and  well-graded. 

The  Investigation  of  Nijboer  can  be  of  asslF'‘ance  in  providing 
mixtures  with  specific  values  of  c necessary  to  satisfy  particular 
loading  conditions.  He  has  shown  that  c Increases  with  an  Increase 
in  asphalt  viscosity;  is  dependent  on  the  fineness  of  mineral  filler 
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(minus  0.00029-in.  fraction);  increases  with  an  increase  in  the  amount  of 
filler;  increases  up  to  a point  with  an  increase  in  the  amount  of  asphalt; 
increases  with  an  increase  in  the  rate  of  loading;  increases  with  increase 
in  mix  density;  and  is  dependent  on  the  proportion  of  coarse  aggregate 
(>0.00U  in.)  in  the  mix.  More  specifically,  Nijhoer  has  shown  that 


~ JL  /2_V 

0.9  \0.5/  \20/ 


-0.36 


(i*) 


where 


2/3 

V = void  factor  [l  - (air  void  content)  ],  when  the  air  void 

content  = 0.03  and  V = 0.9 

a.  • volume  filler 

FB  = filler-bitumen  factor;  i.e.. 


volume  filler  + volume  bitumen 
D = equivalent  particle  size  of  filler  (0.00000^+  in.) 

The  triaxial  compression  tests  appear  quite  usefvil  since  they 

provide  friction  iji  and  cohesion  c factors  which,  as  suggested  by 
12 

Nijboer,  can  be  used  in  a solution  of  the  Prandtl  equation  for  a con- 
tinuous strip  loading: 


q^^  = c • F(4>)  (5) 

where 

2 

q^_^  = bearing  capacity,  psi  or  kg/cm 

F((ji)  = function  dependent  on  ip  ; e.g.  , for  ((>  = 25  deg, 

F(<(i)  = 20.7 

When  is  made  equal  to  a specific  contact  pressure,  c and  4> 

are  related  as  shown  in  Figure  1.  In  this  figure,  a mixture  with  a 
value  of  c sind  4>  lying  on  or  to  the  right  of  the  curve  would  be 
adequate  for  vehicles  equipped  with  100-psi  tires. 

Saal^^  has  suggested  modification  of  this  relationship  recog- 
nizing that  the  bearing  capacity  for  a circular  area  is  larger  than  that 
for  a continuous  strip.  The  corresponding  values  for  c and  (}i  ac- 
cording to  this  relationship  are  also  shown  in  Figure  1,  which  is 
recommended  with  c and  4>  derived  from  triaxial  compression  tests 
at  slow  rates  of  loading  and  high  temperatures. 
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Figure  1.  Relationship  "between  cohesion  and  angle  of 
internal  friction  to  prevent  plastic  flow  or  overstress 
at  a particular  point  in  an  asphalt  mixture  (after 
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13 

Smith  has  presented  a relationship  between  c and  <p  and 
bearing  capacity  for  a circular  Eirea  based  on  a yield  criterion  rather 
than  a plastic  flow  condition  as  in  the  above  formulations.  For  the  same 
contact  pressure,  larger  values  of  c and  41  are  required  than  in  the 
previous  case,  as  seen  in  Figure  1.  Smith  also  suggests  a minimum  angle 
of  friction  of  25  deg  to  minimize  the  development  of  instability  from 
repeated  loading. 

The  relationships  suggested  by  Saal^^  would  appear  reasonable  for 
standing  load  conditions  with  c and  (J)  determined  from  triacclal  com- 
pression tests  at  a very  slow  rate  of  loading  and  a temperature  corre- 
sponding to  an  average  high  value  expected  in  service.  For  moving  traffic. 
Smith's  relationship  would  appear  most  suitable;  in  this  case,  however, 
the  values  for  c and  4 should  be  developed  under  conditions  repre- 
sentative of  moving  traffic  and  an  average  high  temperature  expected  in 
service. 

Decelerating  or  Accelerating  Loads.  Results  of  one  such  analysis 
by  McLeod  for  a load  with  a contact  (or  tire)  pressure  of  100  psi  are 
presented  in  Figure  2.  The  terms  P and  Q are  measures  of  friction 
between  tire  and  pavement  and  pavement  and  base,  respectively.  The 
curves  A and  B in  this  figure  indicate  the  importance  of  pavement  thick- 
ness in  minimizing  this  form  of  instability  when  a frictionless  contact 
between  AC  surfacing  and  base  is  assumed  (P  - Q = l).  As  the  AC  thick- 
ness increases,  the  ratio  H/t  (ratio  of  length  of  tire  tread  to  AC 
thickness)  decreases,  resulting  in  lower  values  of  c at  a given  4 
to  prevent  instability. 

When  P - Q = 0 (full  friction  between  pavement  and  base — a more 
practical  situation  in  well-designed  and  constructed  pavements)  and  the 
thickness  of  the  AC  is  in  the  range  of  U to  6 in.  (curve  C),  the  more 

13 

critical  conditions  are  defined  by  the  curve  suggested  by  Smith  as 
shown  in  Figure  2. 

Nijboer^^  and  Saal^^  have  considered  shoving  by  decelerating 
traffic  to  be  the  accumulation  of  permanent  parts  of  successive  visco- 
elastic deformations  and  these  permanent  deformations  to  occur  above  a 
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Cohesion. 


shear  strain  of  1 percent  for  time  and  temperature  conditions  critical 
for  shoving  (C.33  sec  and  122°  F for  their  experience). 

Using  the  relationship 


S 


min 


(6) 


where 

S . = minimum  stiffness 

min  ■' 

T = shear  (braking)  stress  at  surface 
Y = shear  strain  (l  percent) 

and  considering  a coefficient  of  friction  between  tire  and  pavement  of 

about  0.5,  a minimum  stiffness  at  this  time  and  temperature  of  about 

15,000  psi  is  indicated  for  a contact  pressure  of  100  psi . 

IT 

Recent  work  by  Valkerlng  on  the  effects  of  multiple-wheel 
systems  and  horizontal  surface  loads  on  pavement  structures  could  provide 
a better  framework  for  design  against  shoving.  Attention  should  be 
drawn  to  the  fact  that,  at  high  temperatires  in  pavements  with  thin  AC 
layers,  the  shear  stresses  at  the  AC /base  interface  will  be  the  highest, 
and  that  adhesion  between  the  layers  is  very  important  if  serviceability 
is  to  be  retained. 

For  gap-graded  mixes,  with  a stone  content  in  the  range  of  30  to 

1 8 

50  percent,  Marais  has  suggested  limiting  values  of  various  mix  prop- 
erties to  prevent  permanent  deformation. 

Recent  developments  by  Shell  for  the  solution  of  stresses  and 

deformations  in  layered  elastic  systems  due  to  horizontal  forces  applied 

IT 

to  the  pavement  surface  (BISAR  ) may  provide  the  framework  for  a proce- 
dure to  examine  the  influence  of  braking  or  accelerating  stresses  on 

distortion  using  a procedure  similar  to  that  suggested  by  Heukelom  and 
19 

Klomp  for  vertical  loading. 

METHOD  TO  PREDICT  PERMANENT 
DEFORMATIONS  OF  AC 

The  methods  presented  in  the  previous  section  are  limited  in  that 
they  do  not  give  an  indication  of  the  actual  amount  of  rutting  which  may 
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occur  under  repetitive  traffic  loading.  Unfortunately,  no  method  pres- 
ently exists  whereby  such  estimates  can  be  made.  Promising  procedures 

20-22 

include  the  use  of  linear  viscoelastic  theory  and  the  use  of 

6 23 

linear  elastic  theory  suggested  by  Heukelom  and  Klomp , Barksdale, 

2h 

and  Romain.  In  the  layered  elastic  procedure,  the  stresses  and  strains 
are  computed  in  the  pavement  structure  and  from  these  values  permanent 
deformations  in  each  material  are  predicted  from  constitutive  relation- 
ships determined  by  laboratory  repeated  load  triaxial  tests  on  the 
materials . 

Elastic  theory  together  with  creep  data  from  simple  laboratory 

tests  may  also  be  used  to  estimate  permanent  deformation.  This  approach 
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has  been  pursued  by  Shell  investigators  to  estimate  the  rutting 

occurring  in  asphaltic  layers. 

In  the  Heukelom  and  Klomp  procedure,  the  vertical  strain  distribu- 
tion along  a vertical  axis  is  estimated  within  the  asphalt-bound  layers 
utilizing  layered  elastic  theory.  Permanent  deformation  can  then  be 
determined  by  means  of  the  equation 

h 

= / f(c^)  dz  (7) 

where 

5 = permanent  deformation 

f(e  ) = function  relating  the  permanent  strain  e to  total 
strain  e ; i.e.,  e = f(e  ) ^ 

V p V 

Such  a technique  appears  useful  at  this  time  to  assess,  at  least, 
the  effects  of  changes  in  tire  pressure  and/or  gear  configuration  (and 
load)  on  asphalt-bound  layers.  In  addition,  ’it  may  be  possible  to  estab- 
lish limiting  values  for  e by  comparing  computed  strains  for  particular 

P 

field  sections  for  which  well-documented  field  measurements  are  available. 
Like  fatigue  characteristics,  however,  it  is  highly  probable  that  any 
such  criteria  established  for  permanent  deformation  will  be  dependent  on 
mixture  stiffness  (and  thus  on  temperature). 

In  this  review,  investigations  to  determine  permanent  deformation 

28  29 

at  the  University  of  Nottingham,  ’ University  of  California  at 
T 8 30 

Berkeley,  University  of  Waterloo,  ’ and  at  the  Esso  Laboratories  in 
31 

France  are  discussed. 


21 


28 

University  of  Nottingham.  Repeated  load  trlaxlal  tests  were 

28 

carried  out  by  Snalth  on  a dense  bitumen  macadam.  The  effects  of  six 
major  variables  were  Investigated:  (a)  vertical  stress,  (b)  confining 

stress,  (c)  temperature,  (d)  frequency  of  the  vertical  stress  pulse, 

(e)  rest  periods,  £ind  (f)  asphalt  content. 

In  confined  tests,  some  samples  developed  longitudinal  cracks 
during  the  test,  and  all  unconflned  samples  showed  a volume  increase. 

The  cracking  was  caused  by  the  cyclic  variation  of  tensile  hoop  strain 
at  the  surface  of  the  sample,  and  would  contribute  to  volume  increase 
and  sample  failure.  In  confined  tests,  volume  increase  did  not  occur 
and  cracking  was  observed.  This  result  is  comparable  to  in  situ  condi- 
tions in  which  restraint  is  offered  by  the  large  mass  of  material. 
Hofstra  and  Klomp^  measured  strains  of  up  to  15  percent  in  situ,  whereas 
strains  measured  at  failure  by  Snaith  were  only  about  2 percent , sup- 
porting the  theory  that  adjacent  material  in  situ  prevents  the  cracking 
which  hastens  failure  of  a test  sample. 

The  effect  of  confining  stress  was  not  thoroughly  studied  in 
Snaith 's  investigation.  Problems  arose  in  predicting  permanent  strains 
in  the  AC  layers  if  the  extreme  points  in  the  layer  were  considered, 
since  the  range  covered  by  Snaith 's  results  only  dealt  with  stresses 
near  the  center  of  the  layer.  However,  he  suggested,  as  an  approxima- 
tion, that  the  layer  could  be  considered  as  a whole,  and  stress  condi- 
tions at  the  center  taken  as  a mean,  since  Hofstra  and  Klomp^  found  that 
the  permanent  strains  were  reasonably  constant  with  depth.  Snaith  found 
that,  when  considering  a pavement  with  a 7.9-in.  layer  (such  as  that 
tested  by  Hofstra  and  Klomp)  that  was  divided  into  three  sublayers,  he 
could  determine  the  permanent  strain  in  the  two  top  sublayers  and 
obtain  good  agreement  with  measurements  made  in  them.  The  computer 
program  BISTRO  was  used  in  the  elastic  analysis  to  calculate  the 
stresses  and  the  center  of  each  sublayer,  using  appropriate  values  of 
stiffness  and  Poisson's  ratio. 

The  following  conclusions  were  drawn  from  Snaith 's  work  on 
repeated  loading  of  dense  bitumen  macadam: 
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a.  An  increase  in  temperature  caused  a significant  increase  in 
strain . 

b.  An  increase  in  vertical  stress  caused  an  increase  in  strain. 

£.  An  increase  in  confining  stress  caused  a decrease  in  strain. 

d.  The  level  of  static  confining  stress  which  gave  the  same  strain 
as  the  dynamic  confining  stress  was  approximately  equal  to  the 
mean  level  of  that  stress. 

£.  Realistic  changes  in  the  relative  lengths  of  vertical  and 
confining  stress  pulses  did  not  affect  the  strain. 

£.  The  rate  of  strain  appeared  to  be  time-dependent  at  fre- 
quencies above  1 Hz. 

£.  Rest  periods  between  vertical  stress  p\jlses  had  a negligible 
effect  on  strain. 

h.  An  optimum  asphalt  content  of  U percent  existed  for  maximum 
resistance  to  strain  between  10  and  30°  C.  At  Uo°  C better 
resistance  was  achieved  with  a 3 percent  asphalt  content . 

1^.  The  results  obtained  from  laboratory  tests  when  applied  to  the 
pavement  design  problem  produced  reasonable  values  of  rut 
depth. 

Conclusion  h indicates  the  relative  importance  of  aggregate  interlock 
and  asphalt  viscosity  in  resisting  permanent  strain.  The  former  is 
paramount  at  high  temperatures.  It  should  be  pointed  out  in  conclusion  h 
that  asphalt  content  of  3 or  percent  is  optimum  only  with  respect  to 
rutting,  but  may  not  be  optimum  with  respect  to  other  considerations, 
such  as  fatigue  and  stability. 

So  far,  when  calculations  of  permanent  deformations  have  been 

made,  one  combination  of  the  principal  stresses  has  been  used  at  the 

center  of  each  layer,  whereas,  in  situ,  this  combination  will  change  at 

a particular  point  each  time  a vehicle  passes.  It  remains  to  be  seen 

whether  the  adoption  of  a standard  wheel  load  can  accurately  represent 

the  wide  variation  of  random  applications  of  wheel  loads.  A limited 

32 

test  program  is  under  way  at  TTottinghara,  using  Snaith's  equipment 
suitably  modified,  to  investigate  this.  In  particular,  the  effects 
of  temperature  change  and  vertical  stress  change  during  a test  are 
being  investigated. 

7 

University  of  California  at  Berkeley.  Repeated  load  triaxial 
tests  were  carried  out  on  AC  specimens  by  McLean.  An  attempt  was  made 
to  cover  the  whole  range  of  stresses  to  be  encountered  in  situ  by 
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adopting  three  types  of  tests  to  reproduce  conditions  at  the  top,  center, 
and  bottom  of  an  AC  layer.  These  were  triaxial  extension  (cycling  lateral 
stress  only),  unconfined  compression  (cycling  vertical  stress  only),  and 
triaxial  tension  (cycling  vertical  stress  in  tension  and  lateral  stress 
in  compression). 

The  permanent  deformation,  strain,  and  stress  states  of  a 0.79-in. 
layer  of  material  such  as  that  used  by  Hofstra  and  Klomp^  were  investi- 
gated by  applying  the  theoretical  model  derived  from  the  experimental 
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results  and  using  Barksdale's  approach.  Good  agreement  with  Hofstra 
and  Klomp's  resiilts  was  noted.  In  particular,  the  same  form  of  rut 
depth  versus  load  applications  curve  was  obtained.  Figure  3 shows  the 
distribution  of  elastic  stresses  and  strains  and  permanent  strains  with 
depth  for  a particular  condition.  The  similarity  between  the  distribu- 
tions of  permanent  strain,  stress  difference,  and  elastic  strain  could 
be  significant.  Unlike  the  observed  results  of  Hofstra  and  Klomp,  the 
distribution  of  permanent  strain  was  not  uniform,  possibly  due  to  the 
simplifications  adopted  by  McLean  with  regard  to  loading  time. 

The  following  conclusions  were  drawn  from  the  investigations; 

The  subgrade  stiffness  appears  to  have  little  influence  on  the 
accumulation  of  permanent  deformation  in  the  AC  layer,  at 
least  for  the  range  of  stiffness  examined. 

Asphalt  concrete  stiffness  exerts  a significant  influence 
on  rutting  in  the  AC  layer. 

c_.  Like  the  measurements  of  Hofstra  and  Klomp,  the  calculation 
procedure  indicated  that  rut  depth  in  the  AC  layer  was 
reasonably  independent  of  layer  thickness. 

0 30 

University  of  Waterloo.  ’ Research  carried  out  at  the  University 
of  Waterloo  by  Morris  was  based  on  an  approach  for  the  prediction  of  rut 
depth  using  a combination  of  linear  elastic  theory  and  the  results  of 
laboratory  triaxial  testing  of  AC.  Two  series  of  laboratory  tests  were 
carried  out,  compression  tests  and  tension  tests.  Both  involved  the 
application  of  a cyclic  confining  stress  and  this  was  combined  with 
cyclic  axial  compressive  and  tensile  stresses,  respectively.  Both 
vertical  and  lateral  deforimitions  were  measured.  For  the  compression 
tests,  the  vertical  deformation  was  of  Interest  for  prediction  purposes 
while  the  lateral  deformation  was  relevant  for  the  tensile  tests  since 
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Elastic  strain  , 6v -in  per  in  x 10"^  Permanent  strain  - percent 

at  N =5000  applications 


Figure  3.  Stress  and  strain  distributions  in  an 
8- in. -thick  AC  pavement  subjected  to  a 1500-lb  wheel 
load  with  TO-psi  contact  pressure  (after  McLean "() 


D 
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it  represented  the  vertical  in  situ  deformation  in  the  lower  half  of  the 
AC  layer . 


The  results  showed  remarkably  good  agreement  in  view  of  the  many 
potential  sources  of  error  both  in  the  laboratory  test  technique  and  in 
the  application  of  the  results  to  practice.  A typical  result  showing 
the  variation  of  permanent  deformation  along  the  pavement  section  is 
shown  in  Figure  U.  It  can  be  seen  that  nearly  all  permanent  deformation 
in  the  AC  layer  occurred  in  the  lower  half  of  the  layer  and  resulted 

from  the  action  of  tensile  lateral  stresses,  which  is  in  contrast  with 

5 7 

the  observations  of  Hofstra  and  Klomp  and  the  predictions  of  McLean. 

33 

In  a recent  paper,  Brown  commented  that  the  methods  used  by 
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Morris  and  McLean  may  not  be  as  sound  as  their  good  respective  pre- 
dictions for  permanent  deformation  at  the  surface  suggest.  Brown  sug- 
gested a procedure  involving  the  use  of  stress  invariants  which  are 
functions  of  the  principal  stresses,  mean  normal  stress,  and  octahedral 
shear  stress,  but  are  independent  of  the  orientation  of  the  axes.  Cor- 
responding strain  invariants  can  be  determined  from  the  laboratory  tests 
and  better  estimates  of  the  in  situ  vertical  strain  obtained. 

Using  this  approach,  some  of  the  Inherent  disadvantages  of  the 
triaxial  test  can  be  overcome.  In  particular,  the  tension  zone  stresses 
in  an  asphaltic  layer  can  be  reproduced  more  accurately  under  the  condi- 
tions when  large  permanent  deformations  are  likely.  Lower  temperatures 
and  thin  layers,  however,  do  still  present  a problem. 

RELATIONSHIP  BETWEEN  RUTTING 
AND  CREEP  TESTING 

The  use  of  creep  tests  on  asphaltic  materials  together  with 

elastic  layer  theory  to  represent  the  response  of  the  pavement  structure 

to  load  is  an  alternative  approach  proposed  recently  bv  Shell  investiga- 
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tors  to  estimate  the  amount  of  rutting  occurring  In  the  AC 

layers  of  the  pavement.  Three  phases  may  be  distinguished  in  the  work 

31 

carried  out  by  Shell,  i.e.: 

a.  A study  of  the  creep  properties  of  asphalt  mixes.^^ 

b.  A correlation  of  rutting  and  creep  tests  on  asphalt  mixes. 
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DEPTH  BELOW  SURFACE  , in. 


PERMANENT  DEFORMATION  . In./in.  DEPTH 

Figure  4.  Variation  of  permanent  deformation  rate 
In  an  11-1/2- in.  AC  pavement  (after  Morris®) 
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c_.  The  systematic  discrepancies  observed  in  the  second  phase 
were  studied  with  regard  to  the  main  points  of  difference 
between  the  creep  and  rutting  tests,  i.e.,  unconf ined-conf ined 
and  static-dynamic . 2T  a design  procedure  was  then  proposed 
for  estimating,  from  the  creep  behavior  of  a mix  in  the  labora- 
tory, the  performance  of  the  actual  pavement  based  on  the  j 

"predetermined  criteria  of  the  pavement  deformation  and  ' 

desired  service  life." 

25 

The  overall  aim  of  the  work,  as  stated  by  Hills,  was  to  provide 
a procedure  whereby  rut  depth  could  be  predicted  when  the  asphaltic  mix  ' 

and  the  in-service  conditions  are  known.  To  this  end,  creep  tests  were 
carried  out  in  a modified  version  of  a soil  consolidation  apparatus. 

The  ends  of  the  specimens  were  lubricated  by  powdered  graphite  thus 
eliminating  barrelling. 

Tests  were  carried  out  in  a controlled  temperature  room  at  either 
10,  20,  or  30°  C on  specimens  that  were  usually  0.79  in.  in  height  and 
2.36  in.  square  in  cross  section.  Specimens  were  cut  from  a slab  of  the 
mix.  Some  tests  were  carried  out  on  cylindrical  specimens  of  Marshall 
dimensions,  the  load  being  applied  in  the  axial  direction.  Failure  of 
test  specimens  was  defined  as  the  point  at  which  the  rate  of  strain  in- 
creased, and  the  experimental  data  given  were  confined  to  those  par"^^of 
the  creep  curves  where  the  strains  were  less  than  the  critical  "failure" 
values.  Creep  tests  were  carried  our  on  a range  of  mix  compositions  and, 
in  the  case  of  one  composition,  for  a series  of  specimens  that  had  been 

compacted  by  various  methods. 
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Earlier  work  by  Shell  ’ had  shown  that  for  short  times  of  j 

loading  and  low  temperatures,  the  stiffness  jf  the  mix  S . was  a I 

mix  I 

function  only  of  the  stiffness  of  the  bitumen  S,  _ and  the  volume  J 

bit 

concentration  of  the  aggregate  when  the  void  content  did  not  exceed 
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3 percent.  The  results  reported  by  Hills  indicate  that,  at  higher 
temperatures  and  longer  times  of  loading,  becomes  insensitive 

to  variations  in  the  corresponding  low  values  of  and  tends  to 

level  out  to  a limiting  value.  Furthermore,  in  addition  to  the  effect  j 

of  the  volume  concentration  of  aggregate,  the  gradation  and  shape  of 

the  aggregate  play  a role  and  the  state  and  method  of  compaction  exert  j 

i 

a strong  influence  on  the  behavior.  Other  results  Indicate  that:  | 
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a.  In  the  case  of  two  mixes  with  the  same  aggregate  grading  but 

with  different  asphalt  contents  and  compacted  in  the  same  way, 
the  mix  with  the  lower  asphalt  content  has  a higher  value  of 
^mix  particular  value  of  ■ 

b.  The  effect  of  substituting  crushed  for  rounded  aggregate  is 

to  produce,  at  low  values  of  > higher  values  of  • 

c_.  Void  content  of  the  mix  cannot  be  used  in  itself  for  speci- 
fying the  state  of  compaction. 

Hills  suggested  that  creep  curves  indicate  a continuous  change  in 
the  internal  structure  of  a mix  during  the  course  of  a test,  and  theoreti- 
cal models  for  the  deformation  were  developed  to  take  this  into  account. 

A study  of  the  correlation  between  the  creep  and  rutting  properties 
of  asphalt  mixes  in  laboratory  tests  is  described  by  Hills,  Brien,  and 
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Van  de  Loo.  There  were  two  types  of  rutting  tests  in  both  of  which 
a wheel  was  rolled  on  the  material  in  a single-wheel  path.  In  the  one, 
rutting  tests  were  carried  out  on  an  indoor  circular  test  track.  A wheel 
ran  at  a constant  speed  in  a circular  path  on  a track  which  was  27.6  in. 
wide  and  consisted  of  an  AC  layer  laid  on  sand  compacted  to  give  a uniform 
CBR  of  10.  The  average  tire  contact  pressure  was  72.5  psi.  In  the  other 
test,  a solid  rubber-tired  wheel  passed  back  and  forth  over  an  11.8-  by 
11.8-  by  2-in.  AC  .slab  which  lay  on  a rigid  steel  base.  In  all  tests, 
tire  contact  press\ire  was  117.5  psi. 

To  enable  comparison  between  the  results  of  the  creep  and  the 
rutting  tests,  it  was  necessary  to  express  the  results  of  both  in  the 
same  units,  l.e.,  in  terms  of  S . and  S,  . . . For  the  pur;>ose  of 
evaluating  ^ for  the  rutting  tests,  use  was  made  of  the  BISTRO  com- 
puter program  to  take  into  account  the  differences  in  geometry  between 
these  tests  and  the  creep  tests  together  with  effects  due  to  modular 
ratio  between  the  AC  layer  and  the  supporting  medium.  The  effect  of 
repeated  loading  was  accounted  for  by  a summation  procedure  in  which  it 
was  assumed  that  only  the  viscous  component  of  the  stiffness  modulus  of 
the  AC  contributed  to  permanent  deformation.  The  results  of  creep  and 
rutting  tests  were  then  compared  directly  by  plotting  the  stiffness 

modulus  of  the  mix  S against  that  of  the  bitumen  S.  for  the 

mix  bit 

creep  tests  and  against  the  viscous  part  of  the  bitumen  modulus 


for  the  rutting  tests. 
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It  was  concluded  that,  when  plotted  In  this  way,  there  was  good 
agreement  between  the  creep  and  rutting  curves  for  a variety  of  asphalt 
mixes  and  test  conditions  and  that  the  internal  deformation  mechanisms 
in  the  mixes  were  the  same  for  both  rutting  and  creep.  It  was  further 
concluded  that  the  analytical  procedures  used  for  the  two  types  of  test 
were  satisfactory.  It  was  thus  considered  reasonable  to  make  use  of  the 
creep  test  in  predicting  the  deformation  that  would  occur  under  prescribed 
conditions  in  a rutting  test  in  which  the  loaded  wheel  runs  in  a single- 
wheel path . 

The  calculated  and  observed  rut  depths  for  10  mixes  tested  in  the 
tracking  machine  and  the  laboratory  test  track  were  compared.  It  was 
found  that  for  both  kinds  of  rutting  test  and  a wide  range  of  mix  types, 
rut  depths  can  be  predicted  from  the  results  of  creep  tests  within  a fac- 
tor of  about  2 for  rut  depths  ranging  from  approximately  O.OU  to  0.1*  in. 

The  results  showed  that  the  observed  deviations  were  systematic, 

and  the  measured  deformations  were  generally  higher  than  those  calculated. 
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It  was  thus  decided  to  investigate  the  main  differences  that  exist  be- 
tween the  two  test  methods;  i.e.,  an  unconfined,  static  test  (creep)  and 
a confined,  dynamic  test  (rutting  experiments). 

In  determining  S . for  the  rutting  tests,  use  was  made  of  a 
mix 

correction  factor  of  2 derived  from  an  analysis  using  the  BISTRO  computer 

program.  To  establish  if  this  assumption  of  elastic  behavior  was  in 

fact  an  oversimplification,  parking  tests  were  carried  out  with  a static 

wheel  on  the  test  track  pavement.  The  parking  tests  were  carried  out 

for  2l*  hr  at  ambient  temperature  and  the  contact  stress  was  taken  to  be 

equal  to  that  in  the  rutting  test,  i.e.,  72. S psi . A comparison  of 

the  measured  rutting  and  parking  deformations  at  equal  values  of 

Is,  ) . indicated  that  the  parking  deformations  showed  the  same 
\ bit/visc  ^ 

systematic  deviations  from  the  rutting  values  as  those  calculated  from 
the  creep  test.  The  fact  that  the  systematic  deviations  in  the  parking 
test  were  almost  a factor  of  3 as  opposed  to  a factor  of  2 for  the  creep 
tests  suggests  that  the  use  of  an  "elastic"  correction  was  a better 
approximation  than  a procedure  in  which  the  geometr;/-  was  simulated  in 
a continuous  parking  or  indentation  test.  It  was  thus  concluded  that 
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the  systematic  difference  hetween  the  two  types  of  test  did  not  result 
from  the  use  of  the  "elastic"  correction  factor  or  from  the  fact  that 
the  one  was  confined  and  the  other  was  not , hut  rather  from  the  fact 
that  the  one  was  static  and  the  other  dynamic. 

The  assessment  of  the  "static-dynamic"  contribution  to  the 

observed  deviation  was  made  by  carrying  out  unconfined  creep  tests,  with 

continuous  and  repeated  loading.  The  measured  total  and  permanent 

deformations,  or  the  stiffness  of  the  mix  derived  from  them  (S  . = 

mix 

o/e  . ) , were  in  all  cases  compared  at  equal  values  of  S,  and 
mix  ^ ^ bit 

fs,  1 . , respectively, 

y bit^visc  ^ 

It  was  concluded  that,  with  regard  to  permanent  deformation,  the 

dynamic  stiffness  modulus  of  an  asphalt  mix  is  always  lower  than  the 

static  one,  compaired  at  equal  values  of  S,  and  (S,  . 

’ ^ ^ bit  y bit/visc 

It  was  found  that  even  in  the  most  simple  laboratory  rutting 
experiment  (constant  speed,  constant  load,  single-wheel  path,  controlled 
temperature)  it  was  not  possible  to  predict  rut  depth  with  a higher 
accuracy  than  a factor  of  2.  The  accurate  prediction  of  rut  depths  on 
the  actual  road  was  thus  considered  to  be  extremely  difficult  and  it  was 
concluded  that  the  main  purpose  of  laboratory  test  methods  must  be 
limited  to  the  ranking  of  materials  rather  than  the  prediction  of  rut 
depths. 

2 8 

Some  creep  testing  was  also  undertaken  by  Snaith  in  association 
with  his  repeated  load  tests.  The  object  was  to  see  if  a relatively 
simple  test  could  be  used  to  predict  the  permanent  deformation  under  the 
more  complex  repeated  load  situation.  Similar  ranges  of  vertical  stress 
and  temperatures  to  those  used  in  the  repeated  load  tests  were  investi- 
gated. It  was  intended  to  determine  the  level  of  static  stress  which 
gives  the  same  creep  curve  as  a particular  dynamic  stress.  This  has 
been  done  in  Figure  5 where  the  strains  after  100  and  500  sec  have  been 
plotted  against  the  applied  stresses.  It  was  found  that  at  low  stresses 
the  static  and  dynamic  results  are  similar.  However,  at  the  higher 
stress  levels,  a static  stress  of  about  65  percent  of  the  dynamic  value 
would  be  required  to  produce  the  same  strain  at  a particular  time. 

In  the  creep  tests,  the  mechanism  of  deformation  was  not  compli- 
cated by  the  cracking  noted  for  the  dynamic  tests.  Shorter  lives  would. 
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Applied  vertical  slrcis,  Ku/rr\'^ 


Figure  5.  Comparison  of  results  from  dynamic 
tests  and  creep  tests  at  20°  C 


therefore,  be  expected  in  the  dynamic  case  under  comparable  conditions. 
The  fact  that  the  creep  stress  necessary  to  produce  strains  similar  to 
those  in  a dynamic  test  is  65  percent  of  the  dynamic  stress  rather  than 
50  percent  supports  this. 

Lateral  deformations  were  not  measured  in  the  creep  tests,  so  no 
measure  of  volume  change  was  obtained.  Hills,  Brien,  and  Van  de  Loo 
have,  however,  reported  volume  decreases  in  similar  creep  tests.  This 
suggests  a different  mode  of  failure  from  that  occurring  in  the  dynamic 
case  where  dilation  takes  place. 

UNTREATED  GRANULAR  MATERIALS 

No  effort  has  been  made  to  investigate  the  characteristics  of 
deformation  of  pavement  materials  and  to  predict  rut  depths  of  a pavement 
using  rational  methods  until  very  recently.  Research  in  this  area  con- 
ducted by  Barksdale, Allen, Kalcheff,^'^  Brown, and  Barrett^^  is 
presented  below. 

GEORGIA  INSTITUTE 

OF  TECHNOLOGY 
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Barksdale  was  first  to  investigate  the  plastic  deformation  of 
a variety  of  granular  materials  tested  in  the  repeated  triaxlal  cell  and 
developed  a method  for  estimating  the  rut  depth  in  flexible  pavement. 
Table  3 summarizes  the  10  different  kinds  of  base  materials  Barksdale 
tested  in  the  repeated  load  triaxial  cell.  The  specimens  were  tested 
to  an  average  of  100,000  load  repetitions  at  constant  confining  pressures 
of  3.5  and  10  psi.  The  tests  were  performed  using  deviator  stresses 
varying  from  approximately  1 to  6 times  the  confining  pressure. 

The  relationship  for  a granite  gneiss  (Base  6)  between  the  axial 
plastic  strain  occurring  in  the  cylindrical  specimens  and  the  number 
of  load  applications  for  varying  deviator  stresses  is  shown  in  Figure  6. 
The  plastic  strain  accumulates  approximately  logarithmically  with  the 
number  of  load  applications.  For  very  low  deviator  stresses,  the  rate 
of  accumulation  of  plastic  strain  tends  to  decrease  as  the  number  of 
load  applications  Increases.  As  the  deviator  stress  increases,  a 
critical  value  is  reached  beyond  which  the  rate  of  strain  development 
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f NAterlal  Characteristics  of  3asea  Tested  In  the  Repeated 
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Figure  6.  Influence  of  number  of  load  repetitions 
and  deviator  stress  ratio  on  plastic  strain  in  a 
porphyrite  granite  gneiss,  3 percent  fines  (after 

Barksdale23 ) 
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tends  to  increase  with  increasing  numbers  of  load  rep'etitions . Further- 
more, after  a relatively  large  number  of  load  repetitions,  tiie  spe-imen 
may  undergo  an  unexpected  increase  in  the  rate  of  plastic  strain 
accumulation . 

To  study  rutting  in  pavement  systems  in  a rational  manner,  plastic 
stress-strain  curves  can  be  plotted,  such  as  shown  in  Figure  7.  These 
curves  are  analogous  to  the  stress-strain  curves  obtained  from  a series 
of  static  tests  performed  at  varying  confining  pressures.  Similar 
plots  were  also  obtained  for  the  other  nine  base  materials.  The  plas- 
tic stress-strain  curves  exhibit  a typical  nonlinear  response.  At  a 
given  confining  pressure  for  small  values  of  deviator  stress,  plastic 
strain  is  almost  proportional  to  the  deviator  stress.  ^s  the  deviator 
stress  becomes  greater,  the  development  of  plastic  strain  Increases 
at  an  increasing  rate  until  the  plastic  strains  become  very  large  as 
the  apparent  yield  stress  of  the  material  is  reached.  Elastic  strain 
is  also  strongly  dependent  upon  the  confining  pressure,  undergoing  a 
significant  decrease  as  the  confining  pressure  increases. 

A summary  comparison  of  the  plastic  stress-strain  characteristics 
of  the  base  course  materials  investigated  is  given  in  Figure  8 for  a 
confining  pressure  of  10  psi.  Although  the  average  confining  pressure 
in  a typical  pavement  structure  is  probably  less  than  10  psi,  the  com- 
parisons are  shown  for  this  value  since  these  stress-strain  curves  were 
more  well  defined.  All  materials  compared  in  this  figure  were  compacted 
to  100  percent  of  AASHO  T-l80  density  or  its  equivalent  except  the  silty 
sand  which  was  compacted  to  100  percent  of  AASHO  T-99  density. 

The  base  materials  exhibiting  by  far  the  largest  plastic  strains 
were  Base  1,  a fine  silty  sand  base,  and  Base  2 wiiich  was  a U0-60  soil 
aggregate  base.  For  deviator  stress  ratios  greater  than  2.?,  tiie  mea- 
sured plastic  strains  in  the  silty  sand  were  larger  than  those  in  the 
U0-60  soil  aggregate.  Base  3,  which  was  another  U0-60  s.-il  aggregate 
base,  exhibited  approximately  one-half  the  plastic  strain  occurring 
in  the  first  U0-60  soil  aggregate  base  due  apparently  to  slight  dif- 
ferences in  the  soil  properties.  For  deviator  stress  ratios  greater 
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J’lpiure  T.  Influence  of  deviator  stress  and  confining 
pressure  on  plastic  strain  after  100,000  repetitions 
in  a fine  silty  sand  (after  Barksdale^S) 


than  2.5,  the  average  plastic  strains  in  this  soil  aggregate  base  were, 
however,  still  almost  twice  those  occurring  in  Bases  end  5 which  had 
only  approximately  20  percent  soil.  Ficure  8 shows  that  both  soil  aggre- 
gate bases  tested  having  nominally  20-8o  blends  had  significantly  better 
plastic  strain  characteristics  than  did  the  two  k0-60  bases.  The  plastic 
strain  characteristics  of  the  graded  soil  aggregate  bases  tested  in  the 
as-compacted  condition  were  thus  found  to  vary  from  very  poor  to  quite 
good  depending  apparently  on  the  soil  characteristics,  the  percent  of 
soil  used  in  the  base,  and  the  degree  of  saturation. 

For  deviator  stress  ratios  greater  than  about  2.5,  the  17-83  soil 
aggregate  (Base  h)  exhibited  significantly  more  plastic  strain  than  did 
the  best  performing  crushed  stone  (Base  6)  which  had  3 percent  fines. 

For  deviator  stress  ratios  less  than  5,  the  plastic  strains  occurring 
in  the  21-79  blend  soil  aggregate  (Base  5)  were  on  the  average  about 
20  percent  less  than  those  occurring  in  the  best  crushed  stone;  at 
greater  stress  ratios,  however,  apparently  the  trend  was  reversed  for 
21-79  blend  and  best  crushed  stone. 

The  curves  shown  in  Figure  8 for  the  crushed  stone  bases  Indicate 
that  the  plastic  strains  occurring  in  the  biotite  granite  gneiss  (Bases  8 
and  9)  are  greater  than  those  in  a porphyritic  granite  gneiss  (Bases  6 
and  7)  for  the  same  specified  gradations.  The  significant  influence  of 
an  increase  in  percent  fines  and  deviator  stress  on  the  plastic  strains 
occurring  in  a crushed  biotite  granite  gneiss  is  illustrated  in  Fig- 
ure 9.  The  plastic  strains  increased  significantly  as  the  percent  fines 
increased,  with  greater  differences  occurring  at  the  larger  deviator 
stress  levels. 

A limited  number  of  repeated  load  triaxial  tests  were  performed 
on  specimens  at  90,  95,  and  105  percent  of  maximiim  density.  The  results 
indicated  that  for  all  of  the  materials  studied  an  average  of  l85  percent 
increase  in  plastic  strain  occurs  if  the  base  is  compacted  at  05  instead 
of  100  percent  of  maximum  density.  For  an  increase  from  100  to  105  per- 
cent of  maxirmim  density,  the  corresponding  average  reduction  in  plastic 
strain  was  only  about  10  percent.  Barksdale  remarked  that  more  extensive 
testing  may  show  the  effect  to  be  somewhat  greater. 
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Figure  9.  Influence  of  fines  and  deviator 
stress  ratio  on  plastic  strain  in  a crushed 
granite  gneiss  base  after  100,000  load 
repetitions  (after  Barksdale^^) 
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The  experimental  res.jslts  also  indicate  that  for  all  of  the 
materials  tested  an  average  increase  in  plastic  strain  of  68  percent 
occurs  when  the  test  is  performed  on  specimens  that  are  soaked,  as 
compared  with  the  results  ohtained  from  tests  performed  on  specimens 
in  the  as-compacted  condition.  It  should  he  remembered  that  the 
"soaked"  specimens  had  a high  degree  of  saturation  but  may  not  have 
been  completely  saturated.  These  specimens  were  tested  in  a manner 
which  permitted  a free  flow  of  water  into  and  out  of  the  specimen  so 
that  a significant  buildup  of  pore  pressure  was  not  likely  to  have 
occurred  during  application  of  the  100,000  load  repetitions.  Therefore, 
if  a significant  buildup  of  pore  pressure  should  occur  in  the  field  in 
any  of  these  materials  due  to  poor  drainage  conditions,  the  laboratory 
test  results  would  probably  underpredict  the  effects  that  soaking  of 
the  base  would  have  on  the  actual  amount  of  rutting.  Materials  having 
the  lower  permeabilities  such  as  the  silty  sand  and  graded  aggregate 
bases  would  be  more  susceptible  to  such  a pore  pressure  buildup  in  the 
field. 

In  summary,  the  plastic  strains  of  gran\ilar  materials  Increase 
with  increasing  deviator  stress;  decrease  with  increasing  confining 
pressures;  and  Increase  significantly  with  increasing  fines,  with  greater 
differences  occurring  at  the  larger  deviator  stress  levels.  Laboratory- 
tests  also  revealed  that  the  plastic  strains  Increased  drastically  if 
the  base  is  compacted  at  95  instead  of  100  percent  of  maximum  density. 

The  failure  of  plastic  deformation  could  be  more  serious  than  predicted 
in  the  laboratory  if  a significant  buildup  of  pore  pre.ssures  should  occur 
in  the  field  due  to  poor  drainage  conditions. 

In  order  for  the  rutting  characteristics  of  base  materials  to 
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be  easily  compared,  Barksdale  proposed  the  concept  of  a rut  index. 

This  is  defined  as  the  sum  of  the  plastic  strains  in  the  center  of  the 

U 

top  and  bottom  halves  of  the  base,  multiplied  by  10  . This  requires 
that  values  of  deviator  and  confining  stresses  be  selected  for  a typical 
pavement,  and  the  plastic  strains  obtained  at  a particular  number  of 
load  repetitions.  Barksdale  presents  rut  indices  at  10^  load  repetitions 
for  the  materials  tested.  These  give  a numerical  comparison  representa- 
tive of  the  curves  shown  in  Figure  8,  and  are  given  in  "sMe  )t . 
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values  were  iti  aost  instances  extrapolated  froc  laboratory  test  dat 
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It  is  desirable  to  be  able  to  predict  rutting  at  higher  numbers 

6 

of  load  repetitions,  i.e.,  10  or  more,  but,  to  test  specimens  to  this 
extent  would  be  time-consuming  and  expensive  in  practice.  It  is  thought 
acceptable  to  extrapolate  through  one  decade  on  a plastic  strain  versus 
log  number  of  repetitions  plot  and  then  use  the  results  to  construct 
plastic  stress-strain  curves  from  which  the  rut  potential  can  be  esti- 
mated. Rut  potentials  at  10^  load  repetitions  are  presented  in  Table  U. 

The  rut  index  and  rut  potential  offer  a rapid  approximate  compari- 
son of  rutting  characteristics  of  base  materials  of  the  same  thicknesses, 
subject  to  the  same  loading  and  environmental  conditions. 

imi’/ERSITY  OF  ILLINOIS 
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Allen  conducted  a series  of  laboratory  repeated  triaxial  tests 
on  three  different  granular  materials  subjected  to  both  constant  and 
vai-iable  confining  pressures.  Test  data  indicated  that  the  nonrecoverable 
deformations  associated  with  the  constant  confining  pressure  (CCP)  por- 
tion of  the  tests  exceeded  those  associated  with  the  variable  confining 
pressure  (VCP)  portion  for  every  specimen.  Table  5 shows  the  total 
plastic  axial  strain  accumulated  by  each  specimen  during  the  entire  test 
series.  It  also  shows  the  percentage  of  the  total  plastic  strain  accrued 
during  the  CCP  and  VCP  portions  of  each  test  series.  From  Table  5 it  can 
be  seen  that  the  CCP  portion  of  each  test  series  produced  results  from 

2 percent  to  56  percent  greater  plastic  axial  strains  than  the  VCP  portion 

ho 

test.  Finn  has  shown  that,  on  the  basis  of  the  Mohr-Coulomb  yield 
criteria  for  soils,  plastic  strain  is  accompanied  by  voliune  change.  From 
this  viewpoint,  the  greater  vol’ome  change  observed  during  the  CCP  test 
is  compatible  with  the  greater  resxiltant  plastic  strains. 

NATIONAL  CRUSHED 

STONE  ASSOCIATION 

An  extensive  laboratory  repeated  triaxial  test  was  conducted  by 
the  National  Crushed  Stone  Association  (NCSA)  to  study  the  character- 
istics of  plastic  deformation  of  graded  aggregates.  Kalcheff^'^  reported 
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Table  5 


Percentage  Total  Axial  Strain  Accumulated 
During  VCP  and  CCP  Tests 


Specimen 

Total  Plastic 
Axial  Strain  e 

P 

in. /in. 

Percent  During 

VCP  Test 

Percent  During 

CCP  Test 

HD-1 

0.0036 

U9 

51 

MD-1 

O.OIU9 

22 

78 

LD-1 

0.0191 

1*8 

52 

HD-2 

0.0158 

1*2 

58 

MD-2 

0.0173 

1*3 

57 

LD-2 

O.O20U 

1*3 

57 

HD-3 

0.0063 

1*9 

51 

MD-3 

0.0152 

1*6 

LD-3 

0.0193 

1*3 

57 

that  the  plastic  strains  are  greatly  dependent  on  the  degree  of  consoli- 
dation for  the  same  gradation,  the  amount  and  type  of  fines  in  the 
gradation,  the  stress  sequence  and  magnitude,  and  for  some  types  of 
fines  the  moisture  content.  The  procedure  is  esctremely  usefvil  for 
optimizing  materials  combinations  or  for  the  relative  ranking  of  dif- 
ferent materials  at  the  same  stress  conditions.  The  NCSA  investigations 
show  that  graded  aggregates  can  be  proportioned  for  minimum  plastic 
deformations  to  provide  a base  that  improves  its  resistance  to  rutting 
with  time  and  one  which  will  not  crack  or  lose  stability  with  age. 

Figure  10  is  an  illustration  of  how  density  affects  the  plastic  strains. 

The  load  magnitude  for  this  material  was  the  same. 
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Kalcheff  also  illustrated  in  Figure  11  the  effects  of  different 
types  of  fines  on  the  plastic  response  of  two  types  of  aggregates.  The 
gravel  mix  shown  in  the  figure  with  either  type  of  dust  had  the  same 
elastic  properties.  Kalcheff  thus  emphasized  that  all  graded  aggregates 
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Figure  10.  Effect  of  density  on  the  plastic  strain 
accumulations  with  load  application  (after  Kalcheff^i) 
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Figure  11.  Effect  of  type  of  fines  on  the 
plastic  strains  of  two  graded  aggregate  bases 
(after  Kalcheff3T) 
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do  not  have  the  same  plastic  strain  responses  under  the  same  loading 
conditions  even  though  their  elastic  properties  and  the  quantity  of 
fines  may  he  the  same. 

23 

Similar  to  the  report  made  by  Barksdale,  Kalcheff  also  noted 
the  plastic  strain  accumulated  approximately  logarithmically  with  the 
number  of  load  repetitions.  In  practice  the  magnitude  of  plastic  strain 
which  may  occur  during  the  first  year  would  double  only  after  about 
10  years  ©f  carrying  the  same  type  of  traffic.  Kalcheff  promoted  the  idea 
of  stage  construction  which  will  provide  time  for  the  majority  of  plastic 
strains  to  take  place  when  good  clean  stone  base  is  used. 

UNIVERSITY  OF  NOTTINGHAM 


Brown  conducted  a series  of  laboratory  repeated  trlaxial  tests 

on  a crushed  granite  with  a 0.2-in.  maximum  particle  size.  Plastic 

deformations  were  measured  for  each  specimen.  He  found  that  under 

drained  conditions  the  permanent  strain  reaches  equilibrium  values  after 
1+ 

approximately  10  cycles  of  deviator  stress.  The  perm.anent  strain  at 

equilibrium  could  be  related  to  the  applied  stresses  by  the  equation 

e =0.01  (q/o_)  , where  q is  the  effective  deviator  stress  and  o- 
p 3 3 

the  confining  pressure. 

1+1 

In  a recent  extension  of  this  work  at  Nottingham  researchers 
investigated  the  influence  of  loading  sequence  and  that  of  applying 
cyclic  cell  pressure  to  the  same  granular  material.  The  limited  study 
of  loading  sequence  showed  that  the  resilient  modulus  was  unaffected  by 
this  but  that  permanent  strain  was  significantly  affected.  The  perma- 
nent strain  which  built  up  after  successive  applications  of  about  10^ 
cycles  of  gradually  increasing  level  was  less  than  half  the  value 
resulting  when  the  highest  stress  level  was  applied  constantly.  This 

h2 

finding  is  similar  to  that  reported  by  Monismith,  Ogawa,  and  Freeme 
for  a fine-grained  soil. 

COMMONWEALTH  SCIENTIFIC  AND 
INDUSTRIAL  RESEARCH  ORGANIZA- 
TION, AUSTRALIA 
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Barrett  examined  existing  data  on  permanent  strain  behavior  of 
base  course  materials  in  an  attempt  to  define  the  variables  that  affect 
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the  recorded  material  response.  He  commented  that  permanent  deflection  of 
the  pavement  surface  is  due  not  only  to  vertical  strain  in  each  pavement 
layer,  hut  deformation  also  occurs  transversely  due  to  the  lateral 
spreading  of  the  pavement  materials.  The  author  further  commented  that 
the  emphasis  on  characterization  through  static  triaxial  tests  often 
ignores  the  different  structural  changes  that  occur  under  trafficking 
as  well  as  stress  history,  reorientation  of  load  axes,  and  compound 
loading  conditions.  The  use  of  repetitive  triaxial  tests  to  mirror 
traffic  conditions  fails  to  provide  for  any  difference  between  the 
intermediate  and  minor  principal  stresses  and  for  the  continuous  change 
between  the  orientation  of  the  structural  and  loading  axes  during  the 
trafficking.  Experimental  results  for  sands  show  that  reorientation 
of  principal  stress  axes  during  cyclic  shear  tests  produced  large 
increases  in  density.  The  density  increase  was  related  directly  to  the 
magnitude  of  the  cyclic  shear  strain  and  was  virtually  independent  of 
the  normal  pressure.  The  effect  of  stress  reorientation  in  granular 
materials  would  thus  seem  to  be  to  produce  larger  permanent  strains 
than  those  predicted  by  cyclic  triaxial  testing.  This  would  involve 
an  increase  in  densification  with  a resulting  increase  in  stiffness 
of  the  material  and  perhaps  lead  to  stress-induced  anisotropy. 

Barrett  also  commented  on  the  inadequacy  of  characterizing 
granular  base  materials  as  continuum  rather  than  as  a dense,  graded 
assembly  of  oriented  particles.  He  suggested  that  a particulate 
approach  to  internal  load  distribution  should  be  used  to  study  the 
deformations  of  granular  base  materials  under  traffic  loads.  The 
results  of  such  an  analysis  would  Include  coupled  stresses  rather  than 
only  satisfying  equilibrium  conditions  at  graln-to-grain  contacts,  and 
wovild  be  distinctly  different  from  those  based  on  a nonlinear  stress- 
dependent  continuum  as  is  often  used  at  present. 

Barrett  concluded  that  no  model  has  been  put  forward  which 
would  adequately  characterize  base  course  material  behavior  under 
realistic  field  conditions. 


FINE-GRAINED  SOILS 


Very  little  work  has  heen  done  Investigating  the  permanent 

deformations  of  fine-grained  subgrade  soils.  Recently,  Monism! th, 

1+2 

Ogawa,  and  Freeme  conducted  a series  of  repeated  load  tests  on 
fine-grained  soils  to  ascertain  the  effects  of  compaction  conditions, 
stress  magnitude,  and  stress  sequence  on  the  accumulation  of  permanent 
strain  with  repeated  stress  repetitions. 

Test  results  were  plotted  semilogarithmically  with  axial  , 
radial,  and  volumetric  strain  against  the  number  of  stiess  repetitions. 
Plots  of  change  in  strain  per  cycle  showed  that  the  rate  of  strain 
decreases  with  increasing  load  repetitions  and  that  permanent  strain 
Increased  with  increasing  deviator  stress.  The  resiolts  also  showed 
that  specimens  compacted  to  near  the  maximum  dry  density  tended  to 
deform  less . 

Results  of  the  tests  to  investigate  stress  history  showed  that 

specimens  subjected  to  small  levels  of  stress  before  being  subjected  to 

greater  stress  levels  deformed  less  than  those  without  the  conditioning 

stress.  A test  series  in  which  various  combinations  of  3,  5,  and  10  psi 

were  applied  to  specimens  showed  again  that  when  the  smaller  stresses 

are  applied  first  the  specimen  deforms  less. 

When  results  were  plotted  on  a log-log  basis,  straight  lines  were 

obtained,  as  in  Figure  12.  These  log-log  plots  strongly  resemble  similar 
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ones  plotted  by  Snaith  for  bituminous  material,  and  the  form  of  the 
eqi+ation  developed  to  represent  them  is  the  same. 

In  practice,  subgrades  are  generally  subjected  to  lower  stress 
levels  than  those  to  which  the  specimens  in  the  laboratory  were  subjected. 
The  laboratory  values  were  chosen  to  obtain  measurable  strains.  Monismitli, 
Ogawa,  and  Freeme  applied  the  hyperbolic  rule  to  their  test  results,  and 
found  good  comparison  between  predicted  and  actual  curves.  Deformations 
at  lower  stress  levels  could  then  be  predicted. 

Equations  were  developed  to  represent  the  relationship  between 
applied  stress  and  plastic  strain  at  a particular  number  of  stress 
repetitions,  and  these  may  be  used  to  predict  permanent  deformation  in 
fine-grained  soils. 


1+8 


1+2 

Monlsmlth,  Ogawa,  and  Freeme  also  introduced  the  concept  of 
cumulative  loading  in  this  type  of  material,  i.e.,  of  predicting  the 
effect  of  cumulative  loading  in  the  field.  There  are  two  methods 
available  to  obtain  the  cumulative  permanent  strain  from  results  of 
simple  loading  tests:  a "time  hardening"  procedure,  and  a "strain 

hardening"  procedure.  These  are  illustrated  in  Figure  13,  total 
deformation  after  repetitions  at  and  repetitions  at 

being  ■ When  these  two  approaches  were  used  to  predict  the 

behavior  of  specimens  tested  with  a combination  of  stress  levels  cf 
3,  5,  and  10  psi,  neither  gave  results  that  agreed  quantitatively,  but 
they  were  in  qualitative  agreement.  The  time  hardening  procedure 
provided  better  agreement  when  the  stress  levels  were  successively  in- 
creased, while  strain  hardening  gave  better  results  when  the  loads 
were  successively  decreased.  These  two  methods  can,  therefore,  be 

used  as  a rough  guide  to  bound  the  actual  response. 

1*3 

Recently,  Barker  analyzed  data  of  repetitive  trlaxlal  tests 
reported  by  many  agencies  and  showed  that  relationships  exist  between 
permanent  strain  and  resilient  strain  in  these  data.  A procedure  was 
presented  by  which  these  relationships  could  be  used  for  predicting  the 
magnitude  of  rutting  that  a pavement  would  develop  under  traffic.  Pre- 
dictions of  rutting  were  made  for  full-scale  test  sections  and  the 
predicted  rut  depths  compared  with  the  measured  rut  depths.  The  predicted 
rut  depth  at  low  levels  of  traffic  was  greater  than  the  measured  but  at 
higher  levels  of  traffic  the  measured  rut  depth  was  greater  than  the 
predicted  rut  depth.  The  difference  between  measirred  and  computed 
values  was  believed  to  be  caused  by  the  Inability  to  compute  resilient 
strains.  The  procedure  is  currently  under  review,  and  a separate  study 
is  being  conducted  at  WES  to  improve  the  technique  to  compute  the 
resilient  strain. 
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Figure  13.  Procedures  to  predict  cumulative 
loading  from  the  results  of  simple  loading  tests 
(after  Moni smith,  Ogawa,  and  Freeme'^2) 


LABORATORY  REPEATED  LOAD  TESTS 


The  laboratory  repeated  load  tests  measuring  the  elastic  and 
permanent  strains  were  performed  on  fine-grained  subgrade  soils  and 
untreated  granular  materials.  Two  series  of  tests  were  conducted  on 
the  fine-grained  soil,  but  tests  were  not  conducted  for  AC  specimens. 
Details  of  the  testing  procedures  and  results  can  be  found  in  Ref- 
erences UU  and  U5;  however,  they  are  described  briefly  in  this  report 
for  the  convenience  of  discussion. 

SOURCE  AND 'DESCRIPTION  OF  MATERIAL 

Several  representative  lOO-lb  bag  samples  of  the  sand  and  gravel 
subbase  and  crushed  stone  base  materials  were  obtained  from  a field  test 
section  at  WES.  These  samples  were  air-dried  and  stored  in  the  labora- 
tory until  the  tests  could  be  conducted.  Sieve  analyses  were  conducted 
on  representative  samples  of  each  material  to  determine  the  grain-size 
distribution.  Specific  gravity  and  Atterberg  limits  tests  were  also 
conducted  on  representative  samples  of  each  material. 

The  fine-grained  soil  was  a heavy  clay  (CH)  material  which  has 
an  LL  of  73  and  a PI  of  i*8.  The  material  is  locally  known  as  Vicksburg 
buckshot  clay. 

SPECIMEN  PREPARATION,  TESTING 
EQUIPMENT,  AND  PROCEDURES 

Large  molds  6 in.  in  diameter  and  15  in.  high  were  used  in  molding 
the  specimens  of  untreated  granular  materials.  The  large-diameter 
specimen  was  chosen  so  that  the  full  range  of  aggregate  sizes  could  be 
used.  All  specimens  were  compacted  using  a drop  hammer  with  a 2.0-ln.- 
diam  striking  face,  a weight  of  10  lb,  and  a fall  of  l8  in.  Specified 
densities  were  attained  by  varying  the  number  of  layers  per  specimen 
and  the  number  of  blows  per  layer.  A triaxial  cell  similar  to  most 
conventional  triaxial  cells  was  used  for  untreated  granular  soils  except 
that  it  was  made  sufficiently  large  to  accommodate  the  large  samples. 

The  repeated  axial  stress  was  applied  to  the  specimen  through  a closed- 
loop  electrohydraullc-actuated  piston.  Program  input  was  provided  by 
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a function  generator  connected  to  the  axial  load  controller.  Loading  was 
applied  in  a haversine  stress-time  wave  form  for  a 0.2-sec  duration  at 
2-sec  intervals.  The  actual  loading  applied  to  the  specimen  was 
monitored  internally  by  placing  a miniature  5000-lb  electronic  load 
cell  on  top  of  the  specimen  cap.  Axial  strains  were  measured  inside 
the  chamber  by  an  LVDT  arrangement  calibrated  to  the  nearest  0.0001  in. 
LVDT  clamps  were  mounted  3.^  in.  on  either  side  of  the  specimen  midheight 
and  sti’ain  was  measured  by  monitoring  the  relative  movement  between 
these  two  clamps.  The  radial  strains  were  measured  by  LVDT's  mounted 
on  the  LVDT  ring  clamps  so  as  to  measure  twice  the  actual  radial 
movement . 

Two  series  of  laboratory  repeated  load  tests  were  conducted  on 
fine-grained  soil  specimens  prepared  at  several  water  contents  to  obtain 
different  CBR  values.  The  batched  materials  were  sealed  in  a container 
and  allowed  to  cure  for  several  days.  Several  2.8-in.-diam  by  6.0-in.- 
high  specimens  were  compacted  - from  each  batch  using  CE  12  compaction 
effort.  Each  specimen  was  compacted  and  sealed  in  a rubber  membrane  at 
least  U8  hr  before  it  was  tested.  This  was  done  to  insure  that  the 
water  content  was  uniform  throughout  the  specimen.  One  CBR  specimen 
was  prepared  from  each  batch  using  the  CE  12  compaction  effort  so  that 
laboratory  CBR  tests  could  be  conducted.  A conventional  triaxial  cell 
was  used  for  testing,  and  the  repeated  axial  stress  was  applied  pneumat- 
ically. Loading  was  applied  in  a trapezoid  stress-time  wave  form  for 
a 0.2-sec  duration  at  2-sec  intervals.  The  loading  was  monitored  by 
placing  a miniature  electronic  load  cell  on  top  of  the  specimen  cap. 

Axial  strains  were  measured  over  the  central  h in.  of  the  specimen  by 
an  LVDT  arrangement.  LVDT  ring  clamps  were  placed  approximately  1 in. 
from  each  end  of  the  specimen  and  strain  was  measured  by  monitoring 
the  relative  movement  between  these  two  clamps.  Radial  strains  were 
not  measured.  Frictionless  end  platens,  incorporating  a layer  of  Teflon 
between  the  end  platens  and  the  specimen,  were  used  to  minimize  end 
restraint  effects.  A membrane  was  placed  on  each  specimen  to  minimize 
the  loss  of  moisture  during  testing.  No  confining  pressure  was  used  in 
the  first  series  of  tests,  but  a constant  confining  pressure  of  2 psi 


53 


was  used  in  the  second  series  of  tests.  The  details  of  the  equipment 
can  he  found  in  References  UU  and  U5. 


Prior  to  the  repeated  load  tests,  an  u ned  compression  test 

was  conducted  on  the  fine-grained  soil  to  dete  ;ii.ie  its  compressive 
strength.  The  applied  repeated  load  stress  equal  to  or  less  than 
70  percent  of  the  unconfined  compressive  strength  was  used  in  conducting 
the  repeated  load  tests.  Higher  stress  near  the  failure  strength  of 


ttve  soil  was  not  used  in  the  tests. 


TEST  RESULTS 


During  the  laboratory  repeated  load  tests,  both  elastic  (resilient) 
and  plastic  (permanent)  strains  were  measured.  Analyses  were  made  on  these 
measured  veilues.  The  details  can  be  found  in  References  ^43,  , and  U5. 


In  this  section,  only  the  permanent  strain  data  are  presented  and  analyzed. 

Figures  lU  and  15  show  the  accumulated  plastic  strains  for  crushed 
limestone  base  and  gravelly  sand  subbase  materials.  The  specimens  were 
prepared  in  a uniform  condition,  but  small  variations  in  density  were 
observed.  Two  expressions  of  stress  ratios  were  used  in  the  analysis. 

One  is  the  ratio  of  deviator  stress  to  confining  stress  (a^  - a2)/a^  , 


and  the  other  is  the  ratio  of  octahedral  shear  stress  to  octahedral 


normal  stress  t ./a  ^ 

oct  oct 


It  was  found  that  the  use  of  octahedral 


stresses  was  more  advantageous  in  this  study.  They  will  be  discussed 


later  in  the  report.  The  expressions  for  the  octahedral  shear  stress 
and  octahedral  normal  stress  are  shown  below,  respectively. 


(^2  - 03)^  + (C,  - 03)^ 


a = ^ (a  + a + a ) 
oct  3123 


where  a. 


Cg  » and  are  the  major,  intermediate,  and  minor 


principal  stresses,  respectively. 

Figures  lU  and  15  show  that  the  permanent  deformation  of  untreated 


granular  materieils  increases  with  increasing  load  repetitions  and  stress 
intensity,  but  decreases  as  the  confining  pressure  is  Increased.  The 
inconsistencies  of  some  data  may  be  due  to  the  variations  in  density. 


PLA5TIC  STRAIN,  PERCENT 


For  instance.  Specimens  5 and  8 In  Figure  1^4  had  nearly  the  same  stress 
ratios  hut  Viad  different  densities.  The  accumulated  plastic  strain  for 
Specimen  8 (l37.1-pcf  density)  was  much  higher  than  that  for  Specimen  5 
(lUl.Q-pcf  density). 

Figures  l6a-l6d  show  the  permanent  deformations  of  fine-grained 
soils  having  four  different  CBR  values  in  the  first  series  of  tests.  The 
CBR  values  were  2.1*,  3.2,  5.1*,  and  6.3,  as  shown  in  Figures  l6a,  l6h, 
l6c , and  l6d,  respectively.  The  water  contents,  dry  densities,  and  other 
information  of  each  specimen  tested  are  listed  in  Table  6.  The  repeated 
load  tests  were  conducted  with  zero  confining  pressure,  and  the  tests 
were  carried  out  only  up  to  1000  repetitions. 

Figures  17a-17e  show  the  permanent  deformations  of  fine-grained 
soils  of  three  different  CBR  values  in  the  second  series  of  tests.  The 
CBR  values  were  3.7,  7.5,  and  13.8.  The  water  contents,  dry  densities, 
and  other  information  for  each  specimen  tested  are  listed  in  Table  7. 

A constant  confining  pressure  of  2 psi  was  applied  to  the  specimens 
during  the  tests  and  the  tests  were  carried  cut  to  50,000  repetitions. 

Results  for  both  series  of  tests  showti  in  Figures  l6  and  17 
indicate  that  the  permanent  strain  increases  with  an  increase  in  load 
repetitions,  and  increases  rapidly  with  an  increase  in  load  intensity. 
Figure  l8  shows  the  relation  between  permanent  strain  and  load  intensity 
at  four  CBR  values  for  the  soils  of  the  first  series  of  tests.  The  load 
repetition  level  was  ext.rapolated  to  5000.  It  can  be  seen  that  as  the 
CBR  of  the  soil  increases,  the  soil's  resistance  to  permanent  deformation 
increases  rapidly. 

Elastic  strains  were  measured  in  each  soil  specimen  during  the 
tests.  Figure  19a  shows  the  relationships  between  the  elastic  and 
permanent  strains  measured  at  1,000  repetitions  for  soil  specimens  from 
the  first  series  of  tests.  Figure  19b  shows  the  relationships  at 
50,000  repetitions  from  the  second  series  of  tests.  It  can  be  seen  that 
th(  p'^rmanent  strain  increases  with  increasing  elastic  strains,  and  at 
a given  elastic  strain,  the  permanent  strain  increases  with  decreasing 
soil  strength.  Similar  relationships  are  also  found  for  other  strain 
repetitions.  The  significance  of  this  observation  will  be  discussed 
later . 
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Accumulated  plastic  strains  for  fine-grained  soil 
'irst  series  of  tests 


Figure  l6d.  Accumulated  plastic  strains  for  fine-grained  soil, 
CBR  = 6.26,  first  series  of  tests 


Table  6 


Specimen  Identification  and  Composition  Data 
(First  Series  of  Tests) 


Specimen 

Moisture 

Content 

Dry- 

Density 

Saturat ion 

Cycled 

Stress 

CBR  at 

No . 

percent 

pcf 

percent 

psi 

0.1-in.  Penetration 

Batch  I 


1 

27.6 

93.0 

92.1 

12.7 

2 

27.7 

92.1* 

91.1 

16.1 

— 

3 

27.9 

92.1 

91.1* 

16.1 

— 

7 

27.1* 

92.1 

89.6 

9.1 

— 

17 

27.1 

93.1 

90.8 

12.1 

— 

CBR- 1 

27.6 

9l*.l 

95.0 

— 

6.26 

Average 

27.6 

92.8 

91.7 

— 

— 

Batch  II 

i* 

28.7 

91.6 

92.7 

5.2 

_ _ 

5 

28.7 

91.6 

92.7 

7.7 

— 

6 

28.8 

90.9 

91.7 

10.6 

— 

18 

28.6 

91.9 

91.9 

11.7 

— 

CBR-II 

28.7 

92.9 

95.3 

— 

5.1*1* 

Average 

28.7 

91.8 

92.9 

— 

— 

Batch  III 

8 

30.9 

88.8 

93.2 

2.50 



9 

31.0 

88.9 

91*. 0 

5.25 

— 

10 

30.8 

89.0 

93.1* 

U.IO 

— 

lU 

31.2 

88.5 

93.1* 

5.70 

— 

CBR-III 

31.1 

88.2 

92.1* 

— 

3.23 

Average 

31.0 

88.7 

93.3 





Batch  IV 


11 

33.1 

85.8 

93.0 

2.70 

— 

12 

33.3 

85.7 

93.0 

2.3I* 

— 

13 

33.3 

85.8 

93.7 

3.37 

— 

15 

33.1 

85.9 

93.2 

1.1*1* 

— 

16 

32.7 

86.3 

93.0 

l*.ll* 

— 

CBR- IV 

33.5 

8^.8 

9l*.3 

— 

2.1*0 

Average 

33.1 

85.9 

93.1* 
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REPEATED- 


Flgure  ITa.  Accunrulated  plastic  strains  for  fine-grained  soil 
CBR  = 3.7,  second  series  of  tests 


LEGSTN'O 


Table  7 


Specimen  Identification  and  Composition  Data 
(Second  Series  of  Tests) 


Specimen 

No. 

Moisture 

Content 

percent 

Dry 

Density 

pcf 

Saturation* 

percent 

Cycled 

Stress  UCS** 
psl  percent 

CBR  at 
0.1-in. 
Penetration 

Batch  V 

1 19 

25. h3 

96.27 

91.90 

13.8 

35 

2 20 

23. 2U 

97.7 

86.95 

27.5 

70 

3 21 

2U.17 

95.95 

86 . 70 

5.89 

15 

UCS  = 39.3 

1+  22 

23.19 

96.61* 

86.1*5 

21.91 

55.8 

Average  of 

Specimens 

2U.13 

96. 61* 

88.0 

13.8 

CBR 

23.2 

98.2 

Batch  VI 

5 23 

26.78 

91*.  77 

93.26 

10.0 

32.1 

6 2U 

26.77 

91*.  89 

93.59 

21.6 

70 

7 25 

26.69 

95.52 

9I4.16 

1 . 63 

15 

UCS  = 30.9 

8 26 

26.83 

9l*.96 

93.92 

16.97 

15 

Average  of 

Specimens 

26.77 

95.  ou 

93.73 

7.5 

CBR 

26.0 

95.9 

Batch  VII 

9 27 

31.0 

89.15 

9i*.38 

3.61 

25.3 

10  28 

30.1*5 

89.97 

9^4.52 

6.50 

I5 

11  29 

30.55 

89.83 

91.53 

2.27 

15 

UCS  = ll.l 

12  30 

29.69 

91.15 

91.83 

8.73 

60 

Average  of 

Spec imens 

30.1*2 

90.03 

91.57 

3.7 

CBR 

30.1* 

90.0 

* Based  on  Gg  = 2.69  est. 

**  Percent  of  unconfined  compressive  strength  (UCS)  represented  by 
cycled  stress. 
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Axial 


PLASTIC  AJflAL  STRAIN  Cp,  PERCENT 


Results  of  the  first  series  of  tests  (Figure  l6)  were  much  more 
consistent  than  those  of  the  second  series  (Figure  17).  Figure  1Tb 
(CBR  = 3.7)  indicates  that  the  permanent  strains  for  a specimen  subjected 
to  a deviator  stress  of  6.^9  psi  (Specimen  lO)  were  greater  than  those 
for  a specimen  subjected  to  a deviator  stress  of  8.75  psi.  This  is 
obviously  due  to  the  wide  difference  in  water  content  of  the  specimens. 
Also  shown  in  Figure  17a,  the  permanent  strains  for  a specimen  subjected 
to  a deviator  stress  of  2.27  psi  (Specimen  11 ) were  greater  than  those  of 
a specimen  subjected  to  a deviator  stress  of  3.6U  psi  (Specimen  9),  while 
the  water  contents  of  the  two  specimens  were  nearly  the  same. 

COMPUTATIONS  OF 
PERMANENT  DEFORMATION 

METHODOLOGY 

A number  of  procedures  are  available  to  estimate  the  amount  of 
permanent  deformation  resulting  from  repeated  traffic  loads.  They  may 
be  categorized  as; 

a.  Use  of  an  elastic  layered  system  to  represent  the  pavement 
structure  and  materials  characterization  by: 

(1)  Repeated  load  triaxial  tests. 

(2)  Creep  tests  (not  for  untreated  granular  materials). 

b.  Use  of  a viscoelastic  layered  system  to  represent  the  pave- 
ment structure  and  materials  characterization  by  means  of 
creep  tests. 

Since  linear  layered  elastic  program  has  been  used  by  many 

researchers,  such  as  Moni smith, ^ McLean,”^  Morris,^  Barksdale, Brown, 

32  28  5 

Pell,  and  Brodrick,  Snaith,  and  Hofstra  and  Klomp,  it  was  decided 

that  it  would  be  used  along  with  laboratory  repeated  load  tests  in  this 

study.  The  layered  elastic  program  used  in  this  study  is  described  in 

Reference  U6  and  only  linear  behavior  is  considered. 

Monismith^  proposed  that,  to  use  the  layered  elastic  analysis, 

relationships  between  plastic  strain  and  applied  stress  must  be  available 

for  each  of  the  pavement  component  materials;  i.e.. 
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(10) 


f (o.  ) 
ij 


where 

= plastic  or  permanent  strain 

a. . = stress  state 
ij 

For  a particular  layer,  it  is  then  possible  to  estimate  the 
permanent  deformation  occurring  in  that  layer.  This  is  done  by  computing 
the  permanent  strain  at  a number  of  points  within  the  layer,  the  number 
being  sufficient  to  reasonably  define  the  strain  variation  with  depth. 
Permanent  deformation  is  then  determined  by  summing  the  products  oi  the 
average  permanent  strains  and  the  corresponding  difference  in  depths 
between  the  locations  at  which  the  strains  were  determined  (Figure  20), 
i.e . , 


(11) 


where 

^^(x,  y)  = permanent  deformation  in  the  i"*^^  position  at 
^ point  (x,  y)  in  the  horizontal  plane 

= average  permanent  strain  at  depth 

AZ^  = difference  in  depth  (or  the  thickness  of  the  layer) 
Total  permanent  deformation  may  be  estimated  by  summing  the  contributions 
from  each  layer. 

With  the  knowledge  of  plastic  strain  at  various  numbers  of  load 
repetitions,  the  development  of  permanent  Reformation  with  traffic  can 
thus  be  estimated.  In  this  study,  AZ^  was  taken  as  6 to  8 in.  in  the 
granular  layer,  and  was  a variable  in  the  subgrade.  The  thickness  of 
the  layers  used  in  the  computations  AZ^  , measuring  down  from  the  sub- 
grade surface,  were  IT,  10,  10,  20,  20,  20,  50,  50,  100,  100,  100,  and 
200  in.  The  stress  intensities  became  very  small  below  that  depth.  For 
single-wheel  loads,  the  permanent  strains  were  computed  at  points  along 
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the  load  axis.  For  multiple-wheel  loads,  the  permanent  strains  were  com- 
puted at  points  along  the  vertical  axis  at  the  centroid  of  the  Boeing  Jhj 
twin-tandem  assembly  and  at  points  along  the  vertical  axis  under  one  of 
the  inner  wheels  in  the  second  row  of  the  C-5A  12-wheel  assembly,  where 
the  computed  values  are  generally  the  maximum.  The  gear  configurations 
for  a C-5A  12-wheel  gear  assembly  and  a Boeing  7^7  twin-tandem  gear 
assembly  are  shown  in  Figure  21.  To  compute  the  stress  states  using  the 
layered  elastic  computer  program,  the  selections  of  modulus  values  for 
AC,  unbound  granular  materials,  and  subgrade  soils  are  explained  below. 

ASPHALTIC  CONCRETE  (AC) 

Because  of  the  thermo-viscoelastic  nature  of  asphaltic  materials, 

the  most  important  factors  influencing  the  stress-strain  relationships 

are  temperature  and  rate  of  loading.  The  resilient  moduli  of  asphaltic 

materials  should  be  evaluated  in  the  laboratory  at  different  temperatures 

and  at  different  rates  of  loading.  However,  such  data  for  the  actual 

asphaltic  mixtures  were  not  available  during  the  preparation  of  this 

report;  therefore,  resilient  moduli  of  asphaltic  mixtures  developed 

1+7 

by  The  Asphalt  Institute  were  used.  For  each  test  pavement,  a mean 
temperature  versus  depth  relation  for  the  entire  traffic  period  was 
determined  and  was  used  in  the  computations.  For  pavements  designed 
by  the  CBR  equation,  moduli  of  ll+0,000,  150,000,  and  l60,000  psi  were 
selected  for  AC  layers  having  thicknesses  of  2,  3,  and  1*  in.,  respec- 
tively. In  the  computations,  Poisson's  ratio  of  0.1+  was  used  for  all 
asphaltic  mixtures. 

UNTREATED  GRANULAR  MATERIALS 

The  modulus  ratios  of  the  untreated  granular  layer  to  the  subgrade 

1+8 

used  by  The  Asphalt  Institute  were  adopted  in  this  study.  The  ratios 
were  used  by  The  Asphalt  Institute  in  the  development  of  subgrade  failure 
criterion  of  the  full-depth  AC  airfield  pavements  based  in  part  on  the 
analysis  of  Corps  of  Engineers  field  test  data.  The  ratios  used  were 
2.9,  2.3,  and  1.8  for  CBR's  of  3,  5,  and  10,  respectively.  The  values 
were  selected  from  a theoretical  study  of  the  stress  dependence  of  the 


TWELVE  WHFFt 
ONE  MAIN  GEAR  OF  C-SA 


twin-tandem 

ONE  TWIN-TANDEM 
COMPONENT  OF 
747  ASSEMBLY 


Figure  21.  Wheel  arrangements  for  twelve-wheel 
and  twin-tandem  assemblies 
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resilient  modulus  of  the  granular  layers,  as  evaluated  from  laboratory 
tests.  Studies  conducted  at  WES  have  found  that  these  modulus  ratios 
are  very  reasonable  for  Corps  of  Engineers  and  FAA  type  pavements;  i.e., 
3-in.  AC  surface,  6-in.  crushed  stone  base,  and  a thick  sand  and  gravel 
subbase.  In  the  computations , Poisson's  ratio  of  O.U5  was  used.  It  will 
be  seen  later  that  the  criterion  developed  using  these  ratios  is  very 
close  to  that  developed  by  The  Asphalt  Institute  (shown  in  Table  2). 

SUBGRADE  SOILS 

The  empirical  relation  E = 1500  CBR  was  used  in  the  analysis 

1*9 

to  determine  the  moduli  of  subgrade  soils.  A discussion  of  the  adequacy 
of  this  relationship  for  characterizing  subgrade  soils  can  be  found  in 
the  review  of  the  state  of  the  art  in  material  characterization.^^ 
Poisson's  ratio  of  0.4  was  used  in  the  computations. 

TEST  PAVEMENTS 

Table  8 gives  test  data  for  11  selected  test  pavements  under 
multiple-wheel  heavy  gear  loads.  The  pavements  were  trafficked  by 
prototype  loadings  of  a 12-wheel  assembly  (one  main  gear  of  a C-5A)  and 
a twin-tandem  assembly  (one  twin-tandem  component  of  a Boeing  74?).  All 
test  pavements  were  constructed  over  a 4-CBR  subgrade  soil,  except  test 
pavements  2 and  6 in  which  an  extra-weak  layer  (3  ft)  of  2-CBR  material 
was  placed  21  in.  below  the  surface  of  the  4-CBR  subgrade.  The  purpose 
of  this  arrangement  in  the  test  program  was  to  determine  possible  effects 
of  a deep  soft  layer  beneath  very  heavy  multiple-wheel  aircraft.  The 
results  of  the  multiple-wheel  heavy  gear  load  tests^^  revealed  that  the 
existence  of  a deep  soft  layer  in  the  pavement  has  no  significant  effect 
on  the  overall  performance.  The  failure  coverage  of  each  pavement  shown 
in  Table  8 was  determined  when  either  of  the  following  two  conditions 
occurred : 

a.  Surface  upheaval  of  1 in.  or  greater  of  the  pavement  ad.lacent 
to  the  traffic  lane  (pavement  sheeir  failure). 

b.  Severe  surface  cracking  to  significant  depths. 

Svirface  rutting  was  not  considered  in  the  failure  criterion;  however, 
this  has  a vital  significance  in  the  design  considerations  of  rutting. 

It  will  be  discussed  further  in  this  report. 
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Multiple-Wheel  Data 
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In  the  use  of  laboratory  repeated  load  test  data  (as  shown  in 
Figures  13-l6)  to  compute  the  permanent  deformations  occurring  in  the 
pavement  induced  by  the  traffic  loads,  1 coverage  in  the  field  is  assumed 
to  be  equal  to  1 strain  repetition  in  the  laboratory.  Concerning  the 
lateral  distribution  chEiracterlstics  of  aircraft  or  runways,  this 
assumption  is  not  correct.  However,  as  will  be  seen  later,  this 
assumption  would  not  change  the  conclusions  derived  from  this  study. 

RESULTS 

AC  Surfacing.  Computations  of  permanent  deformations  were  not 
made  on  the  AC  surfacing  due  to  the  following  reason:  The  present  state 

of  knowledge  on  the  prediction  of  permanent  deformations  of  AC  is  still 
in  its  Infancy.  Controversial  concepts  and  different  results  have  been 
presented  by  different  agencies  In  a recent  paper,  Brown^^  suggested 

an  Improved  approach  to  overcome  some  of  the  inherent  disadvantages  of 
the  laboratory  triaxial  test.  However,  Brown  admitted  that  for  lower 
temperatures  and  thin  layers,  the  approach  still  has  inadequacies.  It 
was  thus  decided  to  concentrate  the  effort  to  the  study  of  permanent 
deformations  only  .in  untreated  granular  materials  and  subgrade  soils. 

Untreated  (jranular  Materials.  Difficulty  was  encountered  in  the 
computations  of  permanent  deformations  in  granular  materials  due  to  the 
fact  that  the  stresses  computed  by  the  linear  layered  elastic  program 

do  not  truly  represent  field  conditions. 

52 

Thompson  in  utilizing  layered  elastic  theory  for  computing 
stresses  in  granular  materials  under  highway  pavements  encountered  the 
same  difficulty  and  made  the  following  statement: 

According  to  these  calculations  a small  amount  of 
tension  develops  in  the  base.  However,  it  has  been  stated 
previously  that  this  particular  base  material  cannot  take 
tension  and  yet  the  unsoaked  pavements  did  not  deteriorate 
significantly.  Therefore,  it  is  suggested  that  the  particles 
of  the  base  move,  and  the  stresses  are  redistributed  so  that 
no  tension  exists. 

53 

Also,  Morgan  and  Scala,  in  a review  of  flexible  pavement  behavior  and 
application  of  elastic  theory  to  pavement  analysis,  came  to  the  following 
conclusion: 


T9 


The  general  failure  of  two-  and  three-layer  systems  to 
satisfy  the  Burmister  prediction  appears  to  he  due  to  lower- 
than-expected  modulus  for  the  stiffer  layers  resulting  from 
their  inability  to  withstand  tension,  or  their  dependence  on 
confining  stress  which  may  not  be  sufficient. 

Even  when  nonlinear  finite  element  analysis  is  applied  to  airport 


pavement  analysis,  stresses  are  computed  which  violate  accepted  failure 
laws.  In  such  an  analysis.  Barker  makes  the  following  statement: 


Tensile  stresses  were  generated  in  the  granular  material 
to  such  an  extent  that  the  pavement  response  (referring  to 
computed  response)  was  dictated  more  by  limiting  minimum 
moduli  than  by  true  material  properties.  The  field  data 
indicated  much  better  performance  of  the  granular  material 
under  the  high  loads  than  was  indicated  by  the  finite  element 
analysis.  Tne  most  plausible  explanation  is  that  a marked 
increase  in  Poisson's  ratio  probably  occurred  as  the  granular 
material  approached  failure.  The  increase  of  Poisson's  ratio 
in  the  crushed  stone  would  be  greater  than  the  increase  in  the 
sandy  gravel  and  could  explain  the  better  comparative  perform- 
ance of  this  material  than  was  indicated  in  the  analysis.  It 
is  felt  that  at  near  failure  Poisson's  ratio  for  both  mate- 
rials go  above  0.5  and  thus  generate  additional  complications 
in  the  analysis  of  heavily  loaded  pavement  systems. 


Prior  to  further  discussion,  it  will  be  beneficial  to  present 


ihe  experience  gained  from  this  study. 

When  the  layered  elastic  computer  programs  were  used  to  obtain 
information  on  the  stress  states  in  the  pavement  structures, 
tensile  radial  stresses  were  generally  computed  at  the  bottom 
layers  of  the  granular  materials.  This  posed  a serious  prob- 
lem in  the  use  of  laboratory  repeated  load  test  data. 

b.  In  conducting  laboratory  repeated  load  tests  on  untreated 

granular  materials,  confining  pressures  were  required  during 
the  test  to  prevent  the  specimen  from  collapsing  under  the 
load  applications.  The  magnitude  of  the  required  confining 
pressure  03  depended  upon  the  magnitude  of  the  applied 
vertical  pressure  Oq  . In  general,  the  ratio  of  ai/03 
co\ild  not  exceed  a value  of  5 ■ In  other  words,  if  the  applied 
vertical  stress  aq  was  20  psi  , the  confining  stress  o 
must  be  kept  at  U psi  or  greater. 

When  the  stress  states  in  the  granular  layers  were  computed  and 
expressed  by  the  relation  (a^  - (as  shown  in  Figures  lU  and  15), 

the  expression  becomes  negative  when  tensile  radial  stresses  were 

computed.  Consequently,  the  laboratory  repeated  load  test  data  could 
not  be  used  to  estimate  the  permanent  strains  because  the  tests  were 
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conducted  with  compressive  confining  pressures;  i.e.,  was  always 

positive.  To  circumvent  the  situation,  the  ratios  of  octahedral  shear 

stress  to  octahedral  normal  stress  t . /a  ^ were  used.  The  advantage 

oct  oct 

of  this  expression  is  that  the  stress  ratio  was  always  positive  even 
though  the  value  of  was  negative.  This  can  he  readily  seen  in 

Equations  8 and  9.  In  using  Equations  8 and  9>  the  intermediate  stress 
Og  was  equal  to  the  minor  principal  stress  . 

Although  the  octahedral  stress  ratios  eliminated  the  problem 
caused  by  the  negative  confining  stress  , difficulties  still 

existed.  Figure  22  shows  the  relationships  between  permanent  strain 
and  octahedral  stress  ratio  plotted  for  5000  strain  repetitions.  It 
can  be  seen  that  the  octahedral  stress  ratios  for  specimens  tested  in 
the  laboratory  have  magnitudes  less  than  one,  and  the  rate  of  increase 
of  permanent  strain  with  stress  ratio  is  very  rapid.  However,  the 
stress  ratios  computed  using  linear  layered  elastic  computer  programs 
have  values  greater  than  three  in  most  cases.  Extrapolations  have  to 
be  used  to  estimate  the  permanent  strains  at  high  stress  ratios.  It 
can  be  seen  in  Figure  22  that  the  extrapolation  to  a stress  ratio  of 
two  is  beyond  the  acceptable  confidence  level. 

The  problem  of  estimating  permanent  deformations  in  granular 
layers  using  a mechanistic  approach,  such  as  the  one  used  in  this  study, 
lies  in  the  difficulty  of  computing  the  stress  states.  It  is  believed 
that  when  heavy  wheel  loads  are  applied  on  the  pavement  surface,  radial 
tensile  stresses  tend  to  develop  at  the  lower  part  of  the  granular  base 
layer  and  slip  of  the  material  becomes  incipient.  The  granular  mate- 
rial can  sustain  a certain  amount  of  tensile  stresses  which  are  resisted 
by  frictional  stresses  developed  between  the  granular  particles  caused 
by  the  vertical  compressive  stresses  that  exist  in  the  base.  Once  the 
material  starts  to  slip,  passive  pressure  due  to  overburden  will  be 
mobilized  and  the  confining  pressure  will  be  increased.  Consequently, 
the  moduli  of  the  granular  materials  will  increase.  Since  granular 
particles  will  separate  under  tensile  stress  and  since  granular  layers 
in  a well-constructed  pavement  do  not  fail  under  a few  passes  of  traffic 
loads,  the  author  believes  that  the  large  radial  tensile  stresses  in 
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Figure  22.  Relationships  between  plastic  axial  strain 
and  octahedral  stress  ratio  for  untreated  granular 
materials 
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granular  layers  computed  by  the  linear  layered  elastic  program  do  not 
truly  represent  realistic  field  conditions.  The  author  also  believes 
that  eventually  the  granular  particles  start  to  move,  and  since  energy 
is  dissipated  during  the  movement,  the  stress  intensities  may  be  sub- 
stantially changed  as  compared  to  those  during  the  stress  buildup  stage. 
Since  the  magnitude  of  vertical  compressive  stress  under  a wheel  load 
depends  upon  the  magnitude  of  confining  pressure  in  granular  materials, 
the  magnitude  of  vertical  compressive  stress  in  a pavement  structure 

may  not  be  a constant  but  rather  will  vary  during  the  loading  process. 
Also,  since  aircraft  loadings  are  not  always  applied  at  one  point  but 
vary  laterally  with  respect  to  the  center  line  of  the  runway,  it  is 
likely  that  material  in  a pavement  may  move  in  directions  other  than 
the  vertical  when  the  load  is  not  directly  over  the  point  where  the 
material  is  located.  It  can  be  concluded  that  (a)  the  states  of  stress 
existing  in  the  granular  layers  under  aircraft  loadings  are  extremely 
complicated,  which  cannot  be  simply  described  by  constant  values  of 
vertical  compressive  stress  and  horizontal  stress  , which  are 

computed  by  the  layered  elastic  program;  and  (b)  the  response  of  the 
granular  materials  to  the  repeated  applications  of  aircraft  loads  cannot 
be  simulated  by  the  laboratory  repeated  load  triaxial  tests. 

A nonlinear  finite  element  program  which  incorporates  the  stress- 
dependent  moduli  of  granular  materials  was  also  used  to  compute  the 
stress  states  in  the  granular  layer.  Compressive  radial  stresses  were 
computed  in  many  cases,  but  the  magnitudes  were  very  small;  i.e., 

1/2  to  1 psi.  The  octahedral  stress  ratios  computed  at  the  bottom  of 
the  granular  layer  were  generally  two.  However,  extrapolations  beyond 
the  confiience  level  still  had  to  be  used  to  estimate  the  permanent 
strains  (see  Figure  22). 

It  should  be  pointed  out  that  although  layered  elastic  program 
predicts  radial  stresses  incorrectly,  the  presence  of  radial  tensile 
stresses  in  granular  ] ayers  does  not  seem  to  affect  the  predictions  of 
vertical  stresses  and  deflections  appreciably.  Reference  55  presents  the 
res’ilts  of  comparisons  of  computed  and  measured  stresses  and  deflections. 
A nonlinear  finite  element  program  was  used  to  compute  stresses  and 
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deflections  in  a prototype  test  section  constructed  at  WES  and  the  com- 
puted values  were  compared  with  instrumentation  values.  The  comparisons 
were  favorable. 

It  can  be  concluded  that  the  response  of  granular  materials  to 
repeated  applications  of  aircraft  loads  in  an  actual  runway  are  extremely 
complicated  and  are  not  fully  understood.  The  stress  states  in  the 
granular  layers  cannot  be  accurately  predicted  using  existing  computer 
programs.  For  design  purposes  to  minimize  the  potential  of  permanent 
deformation  in  untreated  granular  materials,  it  may  be  the  best,  at 
least  at  the  present  time,  to  specify  strict  compaction  requirements 
and  select  materials  with  higher  modulus  values. 

Fine-Grained  Subgrade  Soil.  Since  vertical  subgrade  strains  have 
been  used  in  rational  pavement  design  as  a means  to  insure  that  permanent 
deformation  in  the  subgrade  does  not  lead  to  excessive  rutting  at  the 
pavement  surface,  relationships  between  the  computed  vertical  strains  at 
subgrade  surface  and  coverage  levels  for  all  the  pavements  analyzed  were 
included  in  the  figures  which  show  permanent  subgrade  deformations 
(Figures  23,  26,  and  27). 

Stress  Factor.  The  concept  of  a stress  factor  was  explored  in 
this  study  to  estimate  the  potential  of  permanent  deformation  in  sub- 
grade soils.  As  shown  in  Equation  10,  permanent  strain  in  the  subgrade 
soil  is  proportional  to  the  applied  stress  state.  (it  is  the  deviator 
stress  in  this  case. ) When  the  deviator  stresses  in  the  subgrade  along 
the  vertical  depth  are  increased  or  decreased,  it  is  anticipated  that 
the  permanent  deformation  will  also  be  increased  or  decreased  accord- 
ingly. Therefore,  the  computed  deviator  stresses  along  the  vertical 
depth  of  the  subgrade  soil  of  a pavement  may  be  used  as  an  indirect 
measurement  of  the  potential  permanent  deformations  in  the  subgrade. 

The  term  stress  factor  is  defined  in  this  report  as  the  summation  of 
deviator  stresses  along  the  vertical  depth  of  the  subgrade,  which  can 
be  computed  as  the  sum  of  the  products  of  the  deviator  stress  computed 
at  various  points  in  the  subgrade  and  the  thickness  of  the  corresponding 
sublayer.  The  stress  factor  is  expressed  in  units  of  pounds  per  inch. 
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It  will  be  seen  later  that  the  stress  factor  is  very  useful  in  discussing 
the  differences  in  stress  conditions  in  pavements  under  single-  and 
multi pie- wheel  loads. 

The  following  example  illustrates  the  computation  of  a stress 
factor  in  the  subgrade  of  a pavement.  The  procedure  is  shown  in 
Table  9 and  the  stress  factor  computed  is  1580.9  Ib/in.  It  should  be 
pointed  out  that  for  a given  pavement  under  a given  wheel  load  the 
stress  factor  is  always  a constant,  but  the  accuiTiulated  permanent 
deformation  in  the  subgrade  always  increases  as  the  number  of  load 
repetitions  increase. 

Multiple-Wheel  Heavy  Gear  Load  (MWHGL)  Tests.  The  relationships 
between  the  computed  values  of  vertical  strains,  permanent  deformations, 
and  stress  factors  in  the  subgrade  and  the  coverages  at  failure  of  the 
11  MWHGL  test  pavements  are  shown  in  Figures  23a-23c,  respectively. 
Information  on  the  11  pavements  is  shown  in  Table  8.  Because  of  the 
special  subgrade  condition  in  pavements  2 and  6,  the  computed  values  of 
these  two  pavements  deviated  from  pavements  1 and  5,  respectively. 
Straight  lines  shown  in  Figures  23a-23c  were  drawn  through  data  points 
without  considering  pavements  2 and  6.  The  significances  of  the  com- 
puted values  of  these  two  pavements  are  discussed  separately. 

Figure  23a  indicates  that  good  correlation  exists  between  the 
subgrade  vertical  strains  and  the  coverage  levels,  indicating  that 
subgrade  strain  is  a good  parameter  to  correlate  pavement  performance. 

Of  special  interest  is  the  fact  that  strain  values  shown  in  Figure  23a 
are  very  close  to  those  developed  by  The  Asphalt  Institute  and  shown 
in  Table  2.  Figure  23b  shows  permanent  deformations  computed  at  the 
failure  coverage  for  the  11  test  pavements.  Figure  23b  also  shows 
that  the  computed  subgrade  deformations  for  the  test  pavements  are 
independent  of  the  coverages  by  a given  type  of  wheel  configuration  and 
load;  however,  the  deformations  are  different  for  the  two  types  of  wheel 
configuration  and  load.  For  the  C-5A  loading,  a subgrade  permanent 
deformation  of  approximately  0.2  in.  (computed)  failed  the  pavement. 

In  Figure  23b,  the  measured  magnitudes  of  upheavals,  maximum  permanent 
surface  deformations,  and  pavement  thicknesses  for  each  test  pavement 
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Table  9 

Computation  of  a Stress  Factor 


Depth* 

in. 

Thickness 
of  Layer,  in. 

Deviator  Stress** 
, psi 

Deviator  Stress  x Thickness 

5 

10 

23.68 

236.8 

15 

10 

17.91 

179.1 

25 

10 

13.96 

139.6 

1*0 

20 

10.06 

201.2 

60 

20 

6.95 

139.0 

80 

20 

5.91 

118.2 

115 

50 

3.63 

181.5 

165 

50 

2.09 

10l*.5 

2l*0 

100 

1.11 

111.0 

31*0 

100 

0.61* 

61*. 0 

U1*0 

100 

0.1*6 

1*6.0 

590 

200 

0.30 

60.0 

Sum  = 1580.9  Ib/in. 

* The  depth  is  measured  from  the  subgrade  surface. 

**  The  stress  is  computed  at  the  midpoint  of  the  layers. 


Figure  23.  Relationship  between  vertical  strain  at  subgrade  surface,  permanent  deformation 
in  the  subgrade,  and  stress  factor  in  the  subgrade  and  performance  of  pavement  under 
single-wheel  loads 


are  given  in  parentheses  by  the  pavement  numbers.  It  can  be  seen  that 
for  all  pavements  the  measured  surface  deformations  or  ruttings  were  much 
greater  than  computed  subgrade  ruttings.  It  is  interesting  to  note  that 
surface  ruttings  for  pavements  vith  thick  AC  layers  (pavements  7,  8,  10, 
and  11*)  were  much  greater  than  those  for  the  corresponding  conventional 
flexible  pavements.  The  large  ruts  must  have  been  caused  by  the  hot 
temperatures  during  the  traffic  period.  The  asphalt  contents  of  these 
pavements  are  shown  in  Table  10.  'Since  pavement  was  failed  by  less 
than  10  coverages,  the  measured  surface  rutting  and  upheaval  were  con- 
sidered to  be  unreliable  and  are  thus  discarded  in  the  subsequent 
discussions.  For  conventional  flexible  pavements  (i.e.,  pavements  1 
and  3 for  the  Boeing  7^7  and  pavements  9 and  5 for  C-5A),  it  can  be 
seen  that  the  measured  surface  ruts  are  not  constant  but  Increase  as 
the  pavement  thickness  increases.  At  a given  performance  level,  say 
280  coverages,  the  measured  surface  rutting  of  the  thicker  pavement 
needed  for  the  heavier  load**  (Boeing  7^7)  was  greater  than  that  of 
the  thinner  pavement  required  for  the  lighter  load  (C-5A).  This 
observation  is  of  vital  significance  in  design  for  the  prevention  of 
pavement  rutting,  and  will  be  discussed  further.  Similar  results  were 
also  noted  for  test  sections  containing  stabilized  layers;  the  measured 
surface  ruttings  are  tabulated  in  Table  11.  Each  test  section  was  con- 
structed with  sufficient  width  to  conduct  traffic  tests  with  different 


* Although  the  total  load  of  the  C-5A  assembly  (360  kips)  is  heavier 
than  that  of  the  Boeing  7^',  twin-tandem  assembly  (2^*0  kips),  the  load 
per  wheel  for  the  C-5A  (30  kips)  is  much  lighter  than  that  of  the 
Boeing  7^7  (60  kips),  and  the  gear  configurations  (Figure  2l)  are 
such  that  the  load  is  more  concentrated  for  the  Boeing  7^7  than  for 
the  C-5A  and  thus  induces  more  riittlng  in  the  pavement. 

**  Since  the  measured  permanent  deformation  in  pavement  11  (2i*-in.  AC 
layer)  was  much  less  than  that  measured  in  other  deep  asphalt  pave- 
ments (pavements  7,  8,  and  lO),  it  leads  to  the  belief  that  the 
majority  of  rutting  in  a deep  AC  pavement  occurs  in  the  upper  portion 
and  the  subgrade  soil  is  well  protected  from  rutting  under  the  thick 
AC  layer. 
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Pavement 

No.* 


11 


10 


Top  3 in. 


Other  Layers 


AC  surface  3 to  15  in.  Bituminous  stabilized  base  course 

course  (*+.5  gravelly  sand  with  6.5  percent 

percent  asphalt)  cement  filler  (2.9  percent 

asphalt) 

3 to  9 in.  Surface  mix  (5.0  percent  asphalt) 
base  course 

9 to  15  in.  Surface  mix  (2.9  percent  asphalt) 
base  course 

3 to  9 in.  Surface  mix  (5.0  percent  asphalt) 
base  course 

9 to  2U  in.  Bituminous  stabilized  gravelly 

sand  subbase  (2.9  percent  asphalt) 

3 to  9 in.  Surface  mix  (5-0  percent  asphalt) 
base  course 

9 to  2^  in.  Unstabilized  gravelly  sand 
subbase 


* Numbers  refer  to  pavement  number  in  Table  8. 


gear  assemblies.  It  can  be  seen  that  for  the  same  pavements,  which  the 
sections  trafficked  by  heavier  load  failed  earlier,  the  measured  surface 
ruts  were  greater  than  those  failed  by  lighter  loads.  Table  11  also 
shows  that  \inder  a given  load  assembly,  the  measured  surface  ruts  in- 
crease with  increasing  coverages.  The  relationships  are  plotted  in 
Figure  2h . In  other  words,  two  different  pavements  failed  by  a given 
assembly  load  at  different  coverage  levels  can  experience  different 
degrees  of  surface  rutting,  with  greater  rutting  measured  in  stronger 
pavements . 

Permanent  deformations  computed  for  pavements  2 and  6 were  sub- 
stantially greater  than  those  for  pavements  1 and  5,  respectively.  This 
is  because  of  the  existence  of  the  extra-weak  layer  in  pavements  2 and  6. 

It  should  be  reiterated  that  the  existence  of  a deep  soft  layer  in  the 
pavement  was  observed  to  have  no  significant  effect  on  overall  performance. 

Figure  23c  shows  the  computed  stress  factors  for  the  11  test  pave- 
ments. The  stress  factor  decreases  with  increasing  coverages  (or  in- 
creasing thickness  of  the  pavement).  However,  different  aircraft  loads 
result  in  different  relationships  between  the  stress  factor  and  the 
number  of  coverages,  while  the  relationships  shown  by  the  straight  lines 
are  parallel  to  each  other.  The  reason  for  the  larger  stress  factors 
in  pavements  subjected  to  the  Boeing  7^7  load  is  the  closer  spacing  of 
the  wheels  and  the  heavier  load  for  each  wheel  (consequently,  the 
stresses  in  the  subgrade  were  more  concentrated).  The  stress  factors 
computed  for  pavements  2 and  6 were  slightly  smaller  than  those  for 
pavements  1 and  5 because  of  the  existence  of  the  extra-weak  layer  in 
the  pavements. 

The  computed  permanent  deformations  shown  in  Figure  23b  are 
maximum  values  under  the  assembly  loads.  Since  pavement  performance  also 
depends  on  deformations  at  offset  points,  attempts  were  made  to  compare 
the  deformation  basins  of  several  pavements  designed  for  Boeing  7^7  and 
C-5A  loadings  at  the  same  coverage  levels.  The  thicknesses  of  these 
conventional  flexible  pavements  were  determined  by  the  subgrade  vertical 
strain  criterion  shown  in  Flgvire  23a.  A trlal-and-error  procedui-e  was 
used  to  determine  the  correct  thicknesses  of  pavements  constructed  on 


91 


•N1  ‘NOIlVt^HOJBQ  3DVJHnS  a3Hnsv3r< 


92 


1*-CBR  subgrade  soil  in  which  the  computed  vertical  strains  at  the  subgrade 

-3  -3 

surface  were  2.7  x 10  and  1.9  10  in. /in.  for  pavements  designed  at 

coverage  levels  of  100  and  1000,  respectively.  Permanent  deformations  at 
offset  points  of  these  pavements  were  computed  and  the  deformation  basins 
are  presented  in  Figure  25.  While  the  maximum  deformations  are  nearly 
the  same,  the  deformation  basins  for  thicker  pavements  are  flatter  than 
those  of  the  thinner  ones.  The  flatter  basin  naturally  would  cause  less 
shearing  deformation  in  the  overlying  pavement  layers  and  contribute  to 
better  performance.  On  the  other  hand,  the  sharper  deformation  basin 
in  the  subgrade  soil  of  thinner  pavements  causes  more  severe  shearing 
deformation  in  the  pavement  layers  and  contributes  to  surface  layer 
cracking  and  earlier  failure  of  the  pavement.  Explaining  it  in  another 
manner,  the  better  performance  of  thicker  pavements,  besides  many  other 
reasons,  is  due  to  not  only  its  greater  structural  capacity,  but  also 
the  flatter  deformation  basin  in  the  supporting  subgrade  soil. 

Attempts  were  made  to  compare  the  deformation  basins  of  the 
Boeing  7^7  and  C-5A  gear  assemblies.  It  was  difficult  to  select  basins 
which  were  comparable  since  the  wheel  configurations  are  very  different. 
However , it  can  be  readily  seen  that  under  the  C-5A  load  the  maximum 
deformation  is  smaller  and  the  basin  is  flatter  and  broader  because  the 
assembly  has  more  wheels  and  they  are  spaced  much  farther  apart . Con- 
sequently, pavements  designed  for  C-5A  loadings  at  the  same  coverage 
levels  as  for  Boeing  7^7 -loadings  require  much  less  thickness.  For 
instance,  for  pavements  designed  for  1000  coverages,  a U8. 5-in. -thick 
pavement  is  required  for  the  Boeing  7^7  but  only  a 29.6-in.-vhlck 
pavement  is  required  for  the  C-5A. 

The  subgrade  permanent  deformations  presented  in  Figure  23b  are 
computed  values.  Measured  deformations  from  open  trench  tests  were 
available  for  several  test  pavements.  Comparisons  between  measured  and 
computed  deformations  are  presented  in  Figure  26.  If  the  computed  values 
are  the  same  as  the  measured  ones,  the  points  should  be  plotted  on  the 
1:1  line.  Although  the  measured  values  from  open  trench  tests  are  not 
very  accurate,  the  results  presented  in  Figure  26  Indicate  that  the 
computed  values  are  much  smaller  +han  the  measured  ones.  Although  the 
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measured  values  are  greater  than  those  computed,  the  conclusions  derived 
from  those  in  Figure  23  still  hold.  For  instance.  Figure  23h  shows  that 
the  computed  subgrade  deformations  for  the  Boeing  T^‘7  (2Uo  kips)  are 
greater  than  those  for  the  C-tA  (360  kips).*  It  wa.^  concluded  that,  at 
a given  coverage  level,  subgrade  deformations  are  greater  for  pavements 
designed  for  heavier  loads.  Figure  26  shows  that  the  difference  in  the 
actual  subgrade  deformations  between  heavier  and  lighter  loads  could 
even  be  greater  than  the  computed  values  presented  in  Figure  23b. 

Single-Wheel  Loads . Analyses  were  made  on  test  pavements  failed 
by  single-wheel  loads.  The  test  pavements  had  various  thicknesses  and 
were  constructed  on  subgrade  soils  with  CBR's  ranging  from  ^ to  l8. 

Vhe  pavements  failed  at  different  coverage  levels  under  loads  ranging 
from  10  to  200  kips.  Pavement  information  can  be  found  in  Table  1 of 
Reference  51.  Repeated  load  test  data  from  the  second  series  of  tests 
(Figiires  ITa-lTe)  were  used  in  the  analysis.  The  accumulated  permanent 
deformations  occurring  in  the  subgrade  of  the  pavement  seemed  to  vary 
with  the  thicknesses  of  the  pavement,  wheel  load,  and  subgrade  C3R. 

Because  the  laboratory  test  data  were  inconsistent,  as  was  explained 
earlier,  and  also  because  of  the  limited  number  of  test  pavements  and  the 
relatively  significant  .number  of  variables,  the  relationships  between  the 
variables  cannot  be  used  as  the  basis  for  a meaningful  analysis.  Labora- 
tory data  from  the  first  test  series  could  not  be  used  to  analyze  the 
single-wheel  loads  because  of  the  limited  range  of  CBR's.  In  this  report, 
only  an  analysis  of  pavements  designed  by  the  CBR  equation  at  lower  sub- 
grade CBR's  is  presented. 

Formulation  of  the  CBR  equation^^  was  based  on  results  of  numerous 
full-scale  accelerated  traffic  tests,  which  represented  reliable  data 
and  extensive  observations  of  the  Corps  of  Engineers.  A pavement  designs  i 
by  the  CBR  equation  has  a thickness  sufficient  to  prevent  shear  fail  !••• 
in  the  subgrade  soil.  The  equation  has  the  form 


The  Boeing  7^7  (2^40  kips)  is  considered  to  be  heavier 
(360  kips).  The  explanation  can  be  found  in  the  foo''-''-. 
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in  which  P is  the  wheel  load  in  pounds,  A is  the  tire  contact  area 
in  square  inches,  a is  a factor  depending  upon  the  selected  coverage 
level,  and  t is  the  total  thickness  in  inches,  including  the  AC  and 
granular  base  layers.  The  thicknesses  of  AC  and  base  layers  were 
determined  by  Corps  of  Engineers  standard  flexible  pavement  design 
procedure . 

Many  pavements  were  designed  by  the  CBR  eqixation  for  5000  cov- 
erages and  for  various  loads  and  subgrade  strengths.  Elastic  vertical 

strains  and  deviator  stresses  were  computed  by  the  elastic  layered 
1+6 

program,  and  permanent  deformations  at  the  subgrade  surface  were 

computed  by  Equation  11.  The  results  are  presented  in  Figure  27.  It 

can  be  seen  that  for  pavements  designed  for  same  coverage  level,  the 

elastic  verticad  strain  at  the  subgrade  surface  (Figure  2Ta)  increases 

slightly  with  an  increase  in  the  subgrade  CBR.  At  a given  subgrade  CBR, 

the  subgrade  strain  also  varies  slightly  with  the  load,  with  larger 

strains  induced  by  greater  loads.  For  subgrade  CBR  ranging  from  2.U  to 

—3  —3 

6.3,  the  average  strain  increase  was  from  1.5  10  to  1.8  x 10  in. /in. 

For  practical  design  purposes,  it  can  be  assiMed  that  subgrade  strain  is 
independent  of  the  load.  This  becomes  clear  when  these  strain  values  are 
used  to  determine  coverage  values  from  the  relationship  between  strain 
and  coverage  at  failure  shown  in  Figure  23a. 

The  computed  deviator  stresses  at  the  subgrade  surface  of  these 
pavements  are  presented  in  Figure  27b.  It  can  be  seen  that  for  pavements 
designed  for  the  same  coverage  level,  the  deviator  stress  at  the  subgrade 
surface  increases  nearly  linearly  with  an  increase  in  the  subgrade  CBR, 
but  is  nearly  independent  of  the  magnitude  of  the  wheel  load.  The  lack 
of  dependence  of  the  deviator  stress  on  the  magnitude  of  the  wheel  load 
is  reasonable  because  these  pavements  ^ere  designed  by  the  CBR  equation 
and  therefore  an  adequate  thickness  of  pavement  was  provided  to  protect 
the  subgrade  from  shear  failure.  For  pavements  constructed  over  a sub- 
grade having  the  same  CBR,  the  stresses  of  the  subgrade  surface  should 
be  the  same  for  any  design  wheel  load. 
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Figure  27.  Relationships  hetween  elastic  vertical  strain 
and  deviator  stress  at  subgrade  surface  and  permanent  deforma- 
tion in  the  subgrade  for  pavements  designed  at  5000  cov- 
erages for  many  single-wheel  loads 
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Figure  27c  indicates  that , for  pavements  designed  for  the  same 
coverage  level,  the  suhgrade  permanent  deformation  decreases  with  in- 
creasing subgrade  CBR  and  with  decreasing  wheel  load.  This  effect  may 
be  explained  as  follows.  Laboratory  repeated  load  test  results  shown 
in  Figure  l8  indicate  that  at  the  same  load  repetition  level  the  permanent 
strains  of  subgrade  soils  with  higher  CBR’s  are  much  smaller  than  those 
with  lower  CBR's.  Although  the  stress  intensity  in  subgrades  with  higher 
CBR’s  is  larger,  which  tends  to  increase  the  permanent  deformation  (Fig- 
ure 27c),  the  decrease  in  permanent  deformation  because  of  the  stronger 
soil  exceeds  the  increase  due  to  the  higher  stress  intensity.  Conse- 
quently, the  permanent  deformation  decreases  with  an  increase  in  the 
subgrade  CBR.  At  a given  subgrade  CBR,  larger  wheel  loads  induce  larger 
stress  intensities  in  the  subgrade  and  thus  cause  larger  permanent 
deformations.  It  should  be  noted  that  the  deviator  stresses  shown  in 
Figure  27b  are  stresses  on  the  subgrade  surface;  however,  it  is  the 
stresses  along  the  vertical  depth  in  the  subgrade  (i.e.,  the  stress 
factor)  which  govern  the  total  permanent  deformation  in  the  subgrade. 

The  analysis  presented  in  Figure  27  is  for  pavements  designed 
at  5000  coverage  levels.  Analyses  were  also  made  on  pavements  designed 
at  different  coverage  levels.  The  relationships  between  the  computed 
values  of  vertical  subgrade  strains,  permanent  deformations,  and  stress 
factors  in  the  subgrade  and  the  designed  coverage  levels  of  three  pave- 
ments are  shown  in  Figure  28a-28c,  respectively.  It  can  be  seen  that 
good  correlations  exist  between  the  three  parameters  and  the  design  cov- 
erage levels.  It  should  be  noted,  however,  that  permanent  deformation 
occurring  in  the  subgrade  decreases  with  increasing  designed  coverage 
levels,  which  is  a different  response  from  that  under  multiple-wheel 
loads  (Figure  23b)  in  which  the  permanent  deformations  under  one  given 
type  of  aircraft  load  were  nearly  the  same  for  all  the  coverage  levels 
within  the  test  range.  The  difference  may  lie  in  the  differences  in 
stress  intensities  occurring  in  the  subgrade  soils  between  single  and 
multiple  wheels.  The  difference  may  be  explained  by  the  stress  factors. 

Figure  29  shows  a comparison  of  relationship  between  the  stress 
factors  and  coverages  at  failure  for  single-  and  multiple-wheel  loads 
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(the  curves  were  taken  from ^^(.'.ures  23c  and  28c).  It  ct  . be  seen  that 
the  rate  of  decrease  in  the  stress  fnctor  with  increasing  pavement 
thickness  (or  increasing  coverages)  for  single  wheels  is  much  greater 
than  that  for  multiple  wheels.  Laboratory  repeated  load  test  results 
shown  in  Figures  l6  and  17  indicate  that , while  the  permanent  strain 
increases  slightly  with  increasing  load  repetitions,  it  decreases 
rapidly  with  decreasing  stress  intensity.  Witli  the  steep  slope  of  this 
curve  (in  Figure  28)  for  single-wheel  loads,  the  decrease  in  permanent 
deformation  due  to  reduction  in  stress  intensities  with  increase  in 
thickness  exceeded  the  increase  in  permanent  deformation  because  of 
higher  repetition  levels.  Therefore,  the  accumiilated  permanent  deforma- 
tion occurring  in  the  subgrade  of  pavements  under  single-wheel  loads 
decreases  witii  increasing  coverages.  With  the  gentle  slope  of  the  line 
shown  in  Figure  29  for  multiple-wheel  loads,  the  decrease  of  pavement 
deformation,  due  to  reduction  in  stress  intensities,  may  equally  offset 
the  increase  because  of  higher  repetition  levels.  Therefore,  the 
accumulated  permanent  subgrade  deformations  under  multiple-wheel  loads 
become  nearly  the  same  for  all  coverage  levels. 

Permanent  deformations  were  computed  at  offset  points  for  the 
three  pavement  thicknesses  shown  in  Figure  28  and  the  defomuition  basins 
are  shown  in  Figure  30.  It  should  be  noted  that  as  the  thickness  of  tiie 
pavement  increases  (or  the  coverage  level  increases),  not  only  is  the 
maximum  defornuit ion  reduced,  but  the  curvature  of  the  deformation  basin 
is  also  reduced.  This,  of  course,  reduces  shearing  deformations  in  the 
overlying  pavement  structure  and  contributes  to  better  performance  of  the 
pavement.  On  the  other  hand,  a tiiinner  pavement  under  the  same  wheel 
load  has  a sharper  curvature  of  the  deformation  basin  in  the  subgrade 
than  the  surface  and  induces  larger  shearing  deformation  in  the  overlying 
pavement  layer.  This  definitely  causes  surface  layer  cracking  and  con- 
tributes to  earlier  failure  of  the  pavement. 
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Figure  30.  Permanent  deformation  basins 
in  pavements  designed  at  various  coverage 
levels  under  single-wheel  loads 


DESICTI  IMPLICATIONS  OF  COMPUTED  RESULTS 

Because  computations  of  permanent  deformation  in  AC  and  untreated 
granular  materials  could  not  be  made  in  this  study,  discussion  on  their 
design  implications  has  been  omitted  in  this  section.  Computations  of 
permanent  deformations  were  only  made  for  fine-grained  subgrade  soils  in 
pavement  systems.  Although  the  deformation  characteristics  of  subgrade 
soil  alone  cannot  fully  describe  the  overall  deformation  behavior  of  the 
pavement,  the  findings  can  certainly  shed  light  on  the  design  concept 
of  flexible  airport  pavements.  They  are  discussed  in  the  following 
p6iragraphs . 

The  difference  in  the  rate  of  decrease  in  the  stress  factor  with 
an  increase  in  pavement  thickness  between  single-  and  multiple-wheel 
loads  shown  in  Figure  28  indicates  that , as  the  design  pavement  service 
life  is  increased,  the  need  for  an  increase  in  pavement  thickness  to 
reduce  the  stress  intensity  in  the  subgrade  for  mtiltiple-wheel  loads 
is  less  than  that  for  single-wheel  loads.  This  difference  in  requirements 
conforms  with  present  Corps  of  Engineers  and  FAA  design  criteria  in  which 
the  thickness  adjustment  factor  a is  smaller  for  multiple-wheel  loads 
than  for  single-wheel  loads.  (Details  of  the  development  of  the  design 
criteria  can  be  found  in  Reference  51,  Volume  I,  with  reference  to 
Figure  69. ) 

The  analysis  indicates  that  pavement  performance  can  be  predicted 
much  easier  by  the  resilient  vertical  strain  at  the  subgrade  surface  than 
by  accumulated  subgrade  permanent  deformation.  Unlike  the  resilient 
vertical  strain,  the  accumulated  permanent  deformation  in  the  subgrade 
was  found  to  be  dependent  on  many  factors;  load,  gear  configuration, 
pavement  thickness,  subgrade  strength,  subgrade  condition,  and  coverage 
level.  They  are  discussed  separately  as  follows; 

a.  Load.  Figure  23b  indicates  that  the  computed  accumulated 
permanent  deformations  of  the  Boeing  7^7  2U0-kip  assembly 
load  were  much  greater  than  those  of  the  C-5A  360-kip  assembly 
load.  The  analysis  of  single-wheel  loads  shown  in  Figure  2Tc 
also  shows  that,  for  pavements  designed  for  the  same  perform- 
ance level,  the  permanent  subgrade  deformation  Increases  with 
an  increase  in  wheel  load,  with  the  increase  being 
pronounced  for  pavements  on  weaker  subgrades. 
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b.  Gear  conflKuratlon . The  main  differences  In  the  gear  con- 
figurations of  the  C-5A  12-vheel  assembly  and  the  Boeing  7^7 
twin-tandem  assembly  are  that  C-5A  has  more  wheels  and  the 
wheels  are  much  farther  apart.  Pavements  1 and  5 had  identical 
thicknesses  and  subgrade  strengths,  but  the  failure  coverage 
levels  of  these  two  pavements  subjected  to  C-5A  and  Boeing  7^7 
assembly  loads  were  1500  and  UO,  respectively.  A comparison 
of  the  deformation  basins  of  the  C-5A  (Figure  26a)  and  the 
Boeing  7^7  (Figure  26b)  Indicates  that,  for  pavements  designed 
for  the  same  performance  level,  the  maximiom  deformations  in 
the  subgrade  of  pavements  designed  for  C-5A  are  not  only  much 
smaller,  but  the  basins  are  much  flatter  and  broader. 

c_.  Pavement  thickness.  In  Figure  23b,  the  accumulated  subgrade 
deformations  computed  for  the  Boeing  7hj  were  much  greater 
than  those  computed  for  the  C-5A.  It  should  be  noted  that 
for  the  same  performance  level,  the  Boeing  7^7  requires  a 
much  thicker  pavement  than  the  C-5A.  It  can  be  stated  that 
for  pavements  designed  for  the  same  performance  level,  heavier 
loads*  require  thicker  pavements  and  thicker  pavements  can 
withstand  larger  subgrade  deformations.  This  fact  is  well 
Illustrated  by  the  deformation  basins  plotted  in  Figure  25 > 

As  shown,  for  the  two  pavements  designed  for  the  1000  cov- 
erage level,  the  required  pavement  thickness  is  29.6  in.  for 
the  C-5A,  but  is  U8.5  in.  for  the  Boeing  7^7.  The  deformations 
in  the  pavement  under  the  heavier  load  (Boeing  7^7)  were  not 
only  much  greater  but  the  deformation  basin  was  also  much 
sharper  than  that  under  the  lighter  load  (C-5A). 

d.  Subgrade  strength.  Figure  27c  shows  that  the  permanent  sub- 
grade deformation  decreases  with  increasing  subgrade  CBR  for 
all  the  single-wheel  loads.  The  pavements  were  designed  using 
the  CBR  equation  for  a coverage  level  of  5000.  For  multiple- 
wheel  loads,  although  an  analysis  was  not  performed  on  pave- 
ments with  subgrade  CBR's  higher  than  , it  is  believed  that 
permanent  subgrade  deformation  would  also  decrease  with 
increasing  subgrade  CBR.  This  behavior  occurs  because  a 
stronger  subgrade  requires  a thinner  pavement  and  a thinner 
pavement  is  followed  by  lower  subgrade  permanent  deformation 
as  was  discussed  in  the  previous  paragraphs. 

£.  Subgrade  condition.  The  difference  between  pavements  1 and  2 
and  pavements  5 and  6 is  that  an  extra-weak  layer  (3  ft)  was 
placed  deep  in  the  subgrade  of  pavements  2 and  6.  Figure  23b 
shows  that  the  permanent  subgrade  deformations  in  pavements  2 
and  6 were  much  larger  than  those  in  pavements  1 and  5 , respec- 
tively, while  the  overall  performance  of  pavements  1 and  2 


* Heavier  load  refers  to  load  per  wheel  and  closer  gear  spacings. 
Information  can  be  found  in  the  footnote  on  page  86. 
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and  pavements  5 and  6 were  the  same.  Apparently,  the  soft 
layer  deep  in  the  subgrade  deformed  nearly  uniformly  under  the 
action  of  the  multiple-wheel  loads.  Consequently,  the  pave- 
ment structure  above  the  soft  layer  moved  downward  nearly 
uniformly  following  the  movement  of  the  soft  layer  without 
experiencing  any  significant  additional  bending  stresses  as 
compared  with  those  in  pavements  1 and  5 in  which  the  soft 
layer  did  not  exist. 

_f.  Coverage  level.  An  analysis  made  on  pavements  designed  using 
the  CBR  equation  for  single-wheel  loads  (Figure  28b)  revealed 
that  the  accumulated  permanent  subgrade  deformation  decreased 
as  the  performance  level  of  the  pavement  increased.  In  other 
words,  the  permanent  subgrade  deformation  of  a pavement  de- 
signed for  a higher  coverage  level  is  less  than  that  of  a 
pavement  designed  for  a lower  coverage  level.  However,  an 
analysis  of  pavements  failed  under  multiple-wheel  loads 
revealed  that  under  a given  aircraft  load  pavements  of  dif- 
ferent thicknesses  failed  under  different  coverage  levels  but 
experienced  nearly  the  same  amount  of  computed  permanent 
subgrade  deformation  (Figure  23b).  This  is  due  possibly  to 
the  differences  between  single-  and  multiple-wheel  stress 
distributions  in  the  subgrade.  These  results  are  reasonable 
because  the  laboratory  repeated  load  test  results  shown  in 
Figure  19  indicate  that  for  a given  value  of  elastic  strain 
the  permanent  strain  in  the  subgrade  increases  with  decreasing 
CBR  values.  This  relationship  also  explains  why,  for  pave- 
ments designed  using  the  CBR  equation  for  5000  coverages, 
permanent  strain  increased  with  decreasing  subgrade  CBR's 
(shown  in  Figiire  27c),  while  the  subgrade  elastic  strains 
were  nearly  the  same  (Figure  27a). 

Prior  to  further  discussion,  the  current  concept  and  practice  in 
considering  pavement  rutting  in  flexible  pavements  should  be  reviewed, 
and  the  measurements  of  surface  deformations  obtained  from  field  test 
pavements  should  be  investigated.  The  conclusions  can  thus  be  compared 
with  the  results  of  this  study. 

As  was  stated  in  the  beginning  of  this  report , one  of  the  current 
approaches  to  consider  pavement  rutting  under  repeated  traffic  loading  is 
to  limit  the  vertical  compressive  strain  at  the  subgrade  surface  to  some 
^tolerable  amount  associated  with  a specific  number  of  load  repetitions 
(e.g.  , limiting  subgrade  strains  in  Table  2).  By  controlling  the  charac- 
teristics of  the  materials  in  the  pavement  section  through  materials 
design  and  proper  construction  procedures  (unit  weight  or  relative  com- 
paction requirements)  and  by  insuring  that  materials  of  adequate  stiffness 
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' and  sufficient  thickness  are  used  so  that  the  strain  level  is  not  exceeded, 

permanent  deformation  can  be  limited  to  a value  equal  to  or  less  than  the 
prescribed  amount.  It  should  be  reiterated  that  in  the  Corps  of  Engineers 
failure  criteria,  from  which  failure  coverages  of  field  test  pavements 
were  determined,  surface  rutting  is  not  considered  to  be  a critical 
factor  in  judging  pavement  failure.  The  criteria  were  described  on 
page  75  of  the  report.  Consequently,  surface  rutting  measured  at 
failure  in  the  field  test  pavements  constructed  and  tested  at  WES  was 
not  constant  but  varied  with  pavement  thickness  and  gear  loads.  It  was 
found  that  at  a given  performance  level,  the  measured  surface  rutting 
increased  with  increasing  pavement  thickness.  The  need  for  thicker  pave- 
ments may  be  due  to  either  heavier  loads  or  softer  subgrade  soils  (see 
FigTure  23b).  Since  the  limiting  subgrade  strain  criteria  developed  by 
The  Asphalt  Institute  (shown  in  Table  2)  were  based  in  part  on  an  analysis 
of  Corps  of  Engineers  test  data,^^  it  is  evident  that  the  criterion  of 

surface  rut  depth  is  not  included  in  the  developed  performance  models. 

20  , , 

Although  the  criteria  developed  by  Shell  (Table  2j  were  developed  using 
elastic  analysis  of  pavements  designed  according  to  the  CBR  procedure 
and  performance  results  of  the  AASHO  Road  Test,  the  criteria  are  thought 
to  be  associated  with  ultimate  rut  depths  on  the  order  of  3/^  in. 

Limiting  surface  rutting  is  a concept  that  has  been  advocated  in  recent 
years;  however,  it  has  not  yet  been  implemented  in  any  existing  design 
procedure . 

The  discussions  presented  in  this  report  are  in  direct  contrast 
with  the  generally  accepted  concept  which  assiimes  that  if  the  material 
and  thickness  of  a pavement  are  properly  selected  and  proper  compaction 
is  applied  so  that  the  elastic  subgrade  strain  is  limited,  subgrade 
rutting  will  be  controlled  and  surface  rutting  equal  to  or  less  than 
some  prescribed  amount  can  be  assured.  This  concept  is  based  on  the 
assumption  that  when  two  pavements  are  designed  for  the  same  performance 
level  (same  coverage  at  failure),  not  only  are  the  subgrade  elastic 
strains  the  same  but  also  the  subgrade  rutting  is  very  nearly  the  same. 

This  assumption  is  not  strictly  correct  based  on  the  results  of  the 
analysis  in  this  study. 

{ 
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It  is  the  author's  belief  that  the  surface  rut  depth  measured  at 
the  time  when  the  pavement  is  Judged  to  be  failed  increases  as  the  thick- 
ness of  the  pavement  is  increased,  even  though  the  material  in  each  layer 
of  the  pavement  may  be  properly  selected  and  compassed.  Since  surface 
rut  depth  is  not  limited  in  the  failure  criteria,  when  two  pavements  are 
designed  for  '•'he  same  performance  level,  the  surface  rut  depth  and  sub- 
grade  rutting  will  be  greater  for  the  thicker  pavement  (greater  thick- 
ness due  to  either  heavier  applied  loads  or  weaker  subgrade  support), 
while  the  elastic  vertical  strain  at  the  surface  of  the  subgrade  will 
be  nearly  the  same  for  the  two  pavements. 

If  it  is  desirable  that  pavements  designed  for  the  same  perforr.s'-ce 
level  have  the  same  degree  of  rutting  in  the  subg.rade , the  elastic  verti- 
cal strains  at  the  subgrade  surface  induced  by  the  load  will  have  to  be 
varied,  with  smaller  elastic  strains  allowed  for  weaker  subgrades  an  i 
greater  elastic  strains  allowed  for  stronger  subgrades  in  accordance  witV. 
the  relationships  between  the  elastic  and  perimment  strains  shown  in 
Figure  19.  This  is,  of  course,  in  contrast  with  the  current  limiting 
subgrade  strain  criteria  concept  in  which  pavements  designed  for  the 
same  performance  level  have  the  same  elastic  vertical  strains  at  the 
subgrade  surface.  The  limiting  subgrade  strains  for  both  highway  and 
airport  pavements  adopted  by  a number  of  agencies  are  shown  in  Table  2. 
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CONCLUSIONS 

Based  on  the  material  from  the  literature  survey  and  results  of 
analysis  of  full-scale  test  pavements  and  pavements  designed  using  the 
CBR  equation,  the  following  conclusions  were  drawn.  A linear  layered 
elastic  computer  program  was  used  to  compute  the  permanent  deformations 
in  granular  layers  and  in  the  suhgrade  soils,  with  the  material  charac- 
terizations described  in  the  section  LABORATORY  REPEATED  LOAD  TESTS. 
Therefore,  the  computed  results  are  subjected  to  the  criticism  of  the 
computer  program  as  well  as  the  material  characterization. 

AC  surfacing.  There  is  no  general  consensus  on  the  method 
with  which  the  permanent  deformation  of  an  AC  layer  in  a 
pavement  system  can  he  computed.  Laboratory  tests  to  deter- 
mine the  rutting  properties  of  AC  are  expensive  and 
time-consuming. 

b.  Untreated  granular  layers.  A serious  problem,  exists  in  the 
prediction  of  permanent  deformations  in  untreated  granular 
layers  in  a pavement  system.  The  stress  states  in  the 
granular  layers  under  the  aircraft  loadings  caiiUot  he  com- 
puted correctly  using  Bixrmister  layered  elastic  solution  and 
the  nonlinear  finite  element  program  in  its  present  form. 
Also,  the  stress  states  under  aircraft  loadings  cannot  be 
correctly  simulated  by  laboratory  tests. 

£.  An  analysis  made  on  the  computed  permanent  deformations 

occurring  in  the  subgrade  soil  of  many  full-scale  test  pave- 
ments and  pavements  designed  using  the  CBR  equation  indicates 
that  the  current  concept  of  controlling  subgrade  rutting 
through  limiting  subgrade  strains  in  flexible  pavements  is 
not  strictly  correct.  When  subgrade  strains  are  limited,  not 
only  the  subgrade  rutting  may  not  be  limited,  but  also  the 
control  of  surface  rutting  may  not  be  assured.  If  surface 
rut  depth  is  limited  in  design  procedures,  however,  the 
limiting  subgrade  strain  criteria  proposed  and  adopted  by 
many  agencies  (Table  2)  will  have  to  be  modified  to  vary 
according  to  subgrade  strength. 

The  approach  used  in  this  study  was  not  successful  in 
providing  a prediction  model  to  estimate  the  amount  of 
permanent  deformation  in  flexible  pavements  subjected  to 
aircraft  loadings. 
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RECOMMENDATIONS 

Based  on  the  results  of  analysis  of  this  study,  it  is  recommended 
that  (a)  continuing  efforts  be  made  to  investigate  the  basic  deformation 
characteristics  of  AC  and  untreated  granular  soils  in  a pavement  system 
subjected  to  aircraft  loadings  which  move  in  a longitudinal  direction 
and  also  wander  from  the  center  line  of  a runway;  (b)  a development 
[ program  be  initiated  in  prediction  models  to  estimate  permanent  deforma- 

tions in  each  component  layer  of  a pavement  system  when  the  information 
described  in  (a)  becomes  available;  and  (c)  efforts  be  concentrated  on 
selecting  proper  component  materials  and  specifying  construction  tech- 
niques to  minimize  the  potential  of  deformation,  before  a complete 
prediction  model  is  developed. 
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LIST  OF  NOMENCLATURE 


The  following  symbols  are  used  In  this  report; 

A = tire  contact  area; 
c = cohesion; 

CBR  = California  Bearing  Ratio; 

D = equivalent  particle  size  of  filler  (O.OOOOO^*  in. 

E = modulus  of  elasticity; 

FB  = filler-bitximen  factor; 

LL  = liquid  limit; 

P = wheel  load; 

PI  = plasticity  index; 

q = effective  deviator  stress; 

q^^  = bearing  capacity; 

S,  = stiffness  of  the  bitumen; 
bit 

S . = stiffness  of  the  asphaltic  concrete  mixture; 

mix 

t = thickness  of  the  pavement; 

V = void  factor; 

Y = shear  strain; 

6 = permanent  deformation; 

P 

bZ  = thickness  of  the  sublayer; 

= permanent  strain; 

= maximum  compressive  subgrade  strain; 

de/dt  = rate  of  application  of  axial  strain; 

n = viscosity  of  mass; 
mass 

normal  stress; 
stress  state; 

= octahedral  normal  stress; 


a = stress  state; 

u 


^1’ 


oct 

intermediate,  and  minor  principal  stresses, 
respectively; 


T = shear  strength; 


de. 


T = initial  cohesion  when  ■— 
e dt 


= 0; 

r . = octahedral  shear  stress;  and 
oct 

(p  = angle  of  Internal  friction. 
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